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Abstract 
 
In recent years, nanoparticle technology has provided a key focus for research not only 
for industrial applications, but also extensive research for medical applications, where   
benefits to improve both quality of human life and length of life are being investigated.  
Furthermore, these medical applications offer advantages with respect to mass production 
for innovative techniques relating to surface coatings, gene therapy techniques, wound 
therapy products and medical device coatings. These biological innovations need to 
address a variety of challenges such as non-toxicity, biodegradability and 
biocompatibility of products; of these challenges, human-safety is the paramount concern. 
Therefore, the development of nanoparticle coatings for biological application with 
appropriate human-safety characteristics is a focus of medical research. This paper 
demonstrates a successful biological application of a functionalized coating with 
materials acceptable for human use. More specifically, the blood coagulation property of 
a calcium carbonate composite with natural polymer chitosan and alginate produced via 
a multi-layer by layer-by-layer method is utilized in conjunction with the blood 
coagulability property of biodegradable nanofibers with calcium carbonate and chitosan 
and also the anti-adhesion properties of a superhydrophobic coating to produce a 
preventative medical device against tissue adhesion and anti-fouling with a functionalized 
dynamic omniphobic layer on a metallic surface. The blood coagulability multi-layer 
ii 
coating offers the potential for diverse medical applications such as particles for spray 
applications and nanofiber-based biodegradable/biocompatible materials for use in 
wound dressings, where rapid emergency hemostasis is urgently required. Anti-
adhesion/fouling functionalized coatings are suitable for use not only in medical devices, 
but also applicable for general medical situations, where tissue adhesion and bio-fouling 
may be relevant. Such functional coatings will be valuable for doctors conducting medical 
treatment, for manufacturers of medical devices, and also, for various other bio-related 
industrial applications relevant to the improvement of human life quality.   
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Chapter 1. Introduction of this study 
 
Biological developments have evolved rapidly over the last two decades, particularly with 
respect to the development of applications for human health. The number of biological 
research articles submitted to publishing house Elsevier has been observed to 
exponentially increase over the last fifty years (See Figure 1-1). This is particularly the 
case for research impacting human health, length of life and quality of life with in-depth 
research occurring in many fields, such as genetics, medical treatment, drug delivery, etc. 
Medical treatment is now widely available in developed nations. However, over the past 
decade, a number of serious challenges for adequate medical provision have arisen: 
natural disasters such as earthquakes and war have resulted in serious traumatic injury for 
many, while epidemic viral infections such as EBOLA, which causes massive bleeding, 
have occurred. The prevention of blood loss is crucial first-aid in bleeding situations prior 
to the arrival of professional emergency medical services. When the human body bleeds, 
a hemostatic reaction takes place within the body which acts to stop further bleeding.  
However, wounds may be large and deep and therefore cessation of bleeding can take 
time, while serious blood loss may be occurring. Under such circumstances, wound 
dressings and medical assistance are required. These circumstances have led to a dramatic 
increase in the number of patents for wound dressings. 1 A variety of medical approaches 
are employed to enhance hemostasis, such as applying pressure to blood vessels to restrict 
blood flow, application of direct compressive pressure on the wound itself2,3 and also 
wound searing by employment of a medical device to apply hot temperatures to the 
wound.4 
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Figure 1-1. Time series showing number of biological articles received by Elsevier 
Scopus (Keyword: Biological). 
 
1.1. Fastest blood coagulation 
Successful cessation of bleeding entails rapid hemostasis. Figure 1-2 depicts inactive 
platelets circulating in the blood under normal conditions. Divalent calcium ions are 
present in human bone and tissue at high concentrations. Calcium ions play an important 
role in hemostasis by accelerating blood clot formation by facilitating the conversion of 
prothrombin to thrombin, in addition to catalyzing many other coagulation-related 
reactions.5 Calcium ions are also an essential factor for blood coagulation.6 Previous 
research has described the use of calcium alginate as a wound dressing and membrane.7 
Biomaterials with properties such as wound healing and cell attachment are useful for a 
variety of biological applications.8-10  
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Figure 1-2. A schematic of whole blood coagulation process in human-body. 
 
Rapid hemostasis is essential for saving lives and minimizing blood loss in emergency 
situations. While prevention of injuries is of paramount importance, the first-aid response 
is critical in emergency situations. In addition, under such circumstances, since any 
wound dressing (or membrane) is in direct contact with wound area, it is essential that 
these dressings comprise materials which are safe when applied to the human-body. 
 
1.2. Anti-adhesion for tissue adhering  
Electrosurgery is the application of electrical energy such as high-frequency alternating 
current or direct current to normal or diseased biological tissue.11 It is used to fulgurate 
or control bleeding or cut tissue.12-15 Advantages of electrosurgery include minimal 
trauma to patients, negligible pain and rapid recovery. However, healthy tissue can also 
be burned by the high temperatures elicited by the medical intervention. Since charred 
tissue adheres to the medical device with each tissue contact, hemostasis fails to occur. 
To overcome this problem of tissue adhesion to electrosurgical instruments, a variety of 
approaches have been attempted: addition of anti-inflammatory agents,16,17 addition of 
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antibiotics,18,19 addition of tissue barriers,20-25 addition of fibrinolytic agents,26,27 
coatings,28-30 or films,31-33 and also cooling the surface of the instruments via water 
sprays.34-36  However, addition of various agents has not been shown to be effective for 
reducing tissue adhesion as the ameliorative agents are quickly removed from the tissue 
surface. Gold and silver are typically applied for coating purposes and this represents a 
significant expense for prevention of tissue adhesion. Polytetrafluoroethylene (PTFE) has 
been used as a film; however, PTFE films are not stable at the high temperatures required, 
decomposing to produce toxic gas and particulates which pass into the body.37,38 As 
previously mentioned in Chapter 1.1, the human safety aspect of materials for use in the 
human body is of paramount importance. From this perspective, it is vital to address the 
challenge of tissue adhesion and biofouling for medical instruments and tissues. 
 
1.3. Keystone of this study 
1.3.1. Layer by Layer (LBL) self-assembly techniques 
The concept underlying layer-by-layer (LBL) self-assembly techniques utilizing colloidal 
particles was initially described by Iler in 1966.39 Decher et al. produced the thin film 
multilayers by employing the LBL self-assembly technique which employs the 
electrostatic attraction of oppositely charged materials in aqueous solution.40,41 A 
schematic illustration of film deposition via the LBL self-assembly method is depicted in 
Figure 1-3.42  
The LBL technique is applicable to a wide spectrum of starting reagents, including small 
organic or inorganic molecules,43 macromolecules,44 biomacromolecules45  and colloids 
such as metallic or oxide colloids in addition to latex particles.46-48 The LBL self-assembly 
technique has been the focus of significant attention from the manufacturers of thin film 
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multilayer as the LBL deposition involved is extremely simple and environmentally-
friendly, enables easy material coating and  represents a low-cost approach with no 
requirement for specific condition such as vacuum or high pressure, or low or high 
temperatures. Furthermore, the LBL self-assembly technique can regulate surface 
structure and film thickness with macro- or nano-scale precision. Film thickness is 
measured by the in-situ deposition of polyelectrolytes or nanoparticles which assemble 
on the quartz crystal microbalance (QCM) electrode. 
 
 
Figure 1-3. A schematic depiction of film deposition via the LBL self-assembly 
technique. Reproduced with permission from Ref. 42. 
 
The resonance of QCM electrodes hinders when the material deposition or detached from 
the surface of resonator. The Sauerbrey equation, describes how the resonant frequency 
shift Δƒ, of a QCM is proportional to the mass change Δm, of 1 ng of QCM material:49 
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                                     (1.1) 
 
1.3.2. Electrospinning 
Electrospinning offers a basic general methodology for producing fibers from a wide 
variety of compounds including polymers, composites and ceramics. There has been great 
interest in this technique following the first description of the electrospinning approach50 
due to the high specific surface area and high porosity of the compounds generated. 
Furthermore, scans from such electrospun porous nanofibers mimic the micromorphology 
of the extracellular matrix (ECM) of body tissues, while enhancing cell migration and 
proliferation. The electrospinning approach has been investigated in different fields.  
Many researchers have chosen to focus on biomedical applications which utilize 
nanofiber derived from the electrospinning approach, for example in tissue engineering, 
drug delivery systems, enzyme immobilization techniques and wound dressing 
developments.51-53 Previous reports have demonstrated that the electrospun fibers are 
appropriate for tissue engineering.54,55 Electrospun fibers possess diameters resembling 
the fibrous ECM in the body.56 The electrospinning process is depicted in Figure 1-4. 
Electrospun polymeric nanofibers have increased their application in a variety of fields 
over the past decade, to include applications such as filtration,57 composite materials,58 
tissue engineering,59 cosmetology60 and sensor systems.61 
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Figure 1-4. Depiction of the electrospinning process. 
 
1.3.3. Surface Wettability 
The degree of surface wettability is correlated with the contact angle, which can be 
defined as the angle between a solid surface and a liquid droplet (see Figure 1-5). A 
contact angle ranging between 0 - 90° is viewed as a hydrophilic surface on wetting.  
Conversely, a contact angle value in excess of 90° is viewed as a non-wetting hydrophobic 
surface. In addition, a superhydrophobic surface is defined by a contact angle greater than 
150°. Superhydrophobic surface represent a completely non-wetting surface; whereas a 
superhydrophilic surface is defined by a contact angle less than 5° which represents a 
completely wetting surface.  
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Figure 1-5. The surface wettability model of hydrophobic surface and hydrophilic 
surface. Reproduced with permission from Ref. 62.  
 
1.4. Dissertation overview  
Current advancements in biological knowledge are facilitating real-life application of 
industrial and medical developments. Coating technologies provide simple and 
inexpensive medical developments for treatment of target areas with promising 
innovative approaches addressing various medical properties e.g. bio-fouling,63,64   
antithrombotic,65,66 antibacterial67,68 and antiadhesion effect,69 etc. This dissertation 
examines two examples potentially relevant to our daily life applications. Firstly, the 
requirement to achieve rapid hemostasis following injury or surgical procedure. Rapid 
hemostasis following injury or surgery is likely to promote rapid healing, facilitating 
return to ordinary daily activities. Secondly, medical instruments employed during 
surgical operations and other medical treatments, frequently experience problems caused 
by tissue adhesion on their surfaces. In addition, these instruments are used in conjunction 
with high temperatures, healthy tissues are frequently damaged by contact with the 
instrument surfaces, with charred tissue being difficult to detach. Anti-adhesion 
technology for human tissue related problems has the potential to solve these problems. 
 
This dissertation is structured as follows (see Figure 1-6): 
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Chapter 1 describes introduction and overview of this dissertation with thesis outline. 
During medical treatment and following accidental injury in our daily life, rapid 
hemostasis is the most significant factor for preventing death and promoting rapid wound 
healing. This thesis seeks to examine the ways in which appropriate and safe nanofiber 
coatings can be applied to promote rapid hemostasis. 
Chapter 2 describes how calcium carbonate composites providing rapid blood 
coagulability can be utilized within a coating methodology onto a particle surface by 
employing the LBL self-assembly technique. By controlling the surface structure and 
coating multilayers, an artificial calcium carbonate composite (possessing faster blood 
coagulability than pure calcium carbonate and cuttlefish bone alone) was developed.   
Chapter 3 describes how utilization of nanofiber increases the surface area available for 
attachment of calcium carbonate and other natural materials to enhance blood coagulation. 
This is achieved by utilization of natural materials and modified nanofiber surface 
wettability (from hydrophobic to hydrophilic with respect to blood contact angle). 
Specific blood coagulation testing is performed in vivo via employment of a nanofiber 
mat. 
Chapter 4 describes application of anti-adhesion techniques for metallic surfaces in 
contact with biological surfaces via modification of surface wettability of the metallic 
surface. Medical treatments frequently encounter significant problems with hemostasis 
when employing metallic medical devices as a result of tissue adhesion. In this chapter, 
firstly the problems of adhesion between metallic and biological surfaces are described. 
To address these problems, a superhydrophobic material was coated onto the metallic 
surface. The superhydrophobic surface demonstrated good anti-adhesion abilities against 
the water-constituted biological surface.  
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Chapter 5 describes advancements in film coatings for metallic surfaces to protect 
against adhesion by oil and water-based compounds. Chapter 4 describes how 
superhydrophobic surfaces provide good anti-adhesion protection against water-based 
compounds, such surfaces can only afford weak protection against oil-based media. Oil 
permeation in the superhydrophobic surface adversely impacts the structure of the 
superhydrophobic surface. Therefore, the results of investigations into omniphobic 
surfaces, offering anti-adhesion protection against both oil- and water-based media, are 
detailed and their effectiveness in solving these problems described. 
Chapter 6 summarizes this study, providing conclusions and recommendations for future 
work. 
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Figure 1-6. Overview of dissertation structure 
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Chapter 2. Enhancement of Blood Coagulation Calcium 
Carbonate Composite Mimicking Cuttlefish Bone by Layer-
by-Layer Method 
This chapter is based on [Park, J. Y.; Kyung, K. H.; Kim, S. H.; Shiratori, S.; Fabrication 
of Blood Coagulability Calcium Carbonate Composite Mimicking Cuttlefish Bone by 
Layer-by-Layer Method. Science of Advanced Materials 2014, 6(11), 2522-2525.] 
 
2.1. Introduction 
Generally, a healthy individual can tolerate losing around 10–15% of their total blood 
volume without requiring medical assistance.1 However, if blood loss exceeds more than 
around a third of the circulating blood total, the individual will be in a serious condition 
requiring urgent medical treatment.2 Consequently, the challenge of preventing death 
must address rapid hemostasis in order to stop blood loss as quickly as possible.3  
Calcium carbonate (CaCO3) has been employed in a number of fields, especially biology, 
as a source of calcium ions.4,5 In addition, CaCO3 can enhance tissue regeneration under 
acidic conditions6 and can also be metabolized naturally by the human body.7 
Biomaterials can either be sourced naturally (such as blood vessels, or proteins such as 
collagen) or be derived synthetically (such as polymers, metal composites or ceramic) 
materials). Biomaterials can comprise all, or part of, a living structure or biomedical 
device. Biopolymers are biocompatible and non-toxic to the human body, biodegradable 
and environmentally-friendly.8 Biopolymers include polycaprolactone (PCL), polylactic 
acid (PLA), polyglycolic acid (PGA), poly(L-lactide-co-glycolide) (PLGA) and alginates 
which are anionic polysaccharides commonly found in the cell walls of brown seaweed, 
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where they form a linear copolymer with homopoolymeric blocks of (1-4)-linked β-D-
mannuronic acid and (1,3)-α-L-guluronic acid.9-13 Bioactive materials are classified 
according to their activity. Bioactive materials include proteoglycans, collagen, non-
collagenous proteins, alginates and chitosan. β-chitosan is formed from the deacetylation 
of β-chitin, with which it shares a number of similarities.14 As a consequence of their 
excellent biocompatibility, β-chitin and β-chitosan have been extensively utilized in the 
management of wound healing and drug delivery systems.15 Since promotion of wound 
healing is correlated with collagenase activity, and since chitosan demonstrates a greater 
collagenase activity than chitin,16 β-chitosan is correlated with excellent wound healing 
capability.17-24 This chapter focusses on the application of CaCO3 and other helpful 
materials for the promotion of blood coagulation. Synthetic CaCO3 was produced from 
the reaction of calcium chloride and sodium carbonate. Subsequently, sodium alginate 
and β-chitosan were alternately coated on a prepared CaCO3 substrate by the Layer-by-
Layer (LBL) self-assembly method. This led to the ability to confirm the blood 
coagulation efficiency of LBL-coated CaCO3. 
 
2.2. Experimental section 
2.2.1. Materials 
CaCO3 synthesis utilized the following reagents without the requirement for further 
purification: calcium chloride (CaCl2, Junsei Chemical Co., Ltd., Japan; purity = min. 
99.5%); sodium carbonate (Na2CO3, Junsei Chemical co., Ltd. Japan; purity = min. 
99.5%); sodium dodecyl sulfate (SDS, Junsei Chemical Co., Ltd., Japan); poly (sodium 
4-sytrene-sulfonate) (PSS, Sigma-Aldrich, St. Louis, MO, USA; MW = 70,000); acetic 
acid (Kanto Chemical Co., Inc., Malaysia; purity = min. 99.7 %). For CaCO3 composite 
Chapter 2. Enhancement of Blood Coagulation Calcium Carbonate Composite Mimicking Cuttlefish Bone by Layer-
by-Layer Method 
23 
generation, β-chitosan (Arabio Co., Ltd., Korea; average MW = 180 K) and sodium 
alginate (Nacalai tesque. Japan) were utilized again with no additional purification. 
Highly purified water was acquired by deionization and filtration (resistivity > 18.2 
MΩ∙cm). Cuttlefish bone was acquired from Hanyaknara, Korea. 
  
2.2.2. Synthesis of calcium carbonate 
CaCO3 was synthesized by combining a number of materials. Firstly, as outlined in the 
standard experimental procedure,25 100 mL of aqueous 0.2 M CaCl2 were added to an 
aqueous solution of 0.2 M Na2CO3, stirred vigorously for 5 min. The solution was then 
permitted to rest for 24 h at room temperature. The resulting precipitate was subsequently 
rinsed 3 times with distilled water and dried at 60 °C prior to harvesting CaCO3.  
Secondly, 100 ml of aqueous 0.2 M CaCl2 were added to aqueous 0.2 M Na2CO3 in the 
presence of PSS (4 g/L) and SDS (0.1 wt%) and stirred vigorously for 5 min. The same 
experimental procedure as outline above was then performed. 
 
2.2.3. Production of calcium carbonate composite 
The harvested calcium carbonate was subsequently coated with β-chitosan and sodium 
alginate via LBL self-assembly method using a centrifugal separator. β-chitosan was 
dissolved in water and the pH adjusted to pH 4.0 by addition of acetic acid. The pH of the 
aqueous sodium alginate solution was not altered. The harvested calcium carbonate was 
added to the aqueous sodium alginate solution for 3 min and then centrifuged at 1000 rpm 
for 1 min. The residue was washed three times for 1 min with distilled water. The cleaned 
residue was then centrifuged at 1000 rpm for 1 min. The washing process was repeated, 
and the collected product was added to aqueous β-chitosan solution for 3 min. The product 
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was then centrifuged at 1000 rpm for 1 min rinsed 3 times with distilled water for 1 min, 
as previously. These process operations represent 1 cycle. Multiple cycles were conducted 
to obtain the required multilayer calcium carbonate composite. The final product was 
dried at 60 °C to give the final calcium carbonate composite product. 
 
2.2.4. Measurement of layer thickness and coating material quantity 
Layer thickness was measured via Auto-Elipsometry (Five-lab, Mary-102). The in-situ 
deposition of polyelectrolytes or nanoparticles onto the electrode of quartz crystal 
microbalance (QCM)26 was monitored. Multilayer samples (β-chitosan and sodium 
alginate) were produced with glass and QCM (AT-cut, 10 MHz) employed for 
measurement. The glass and QCM substrates were agitated ultrasonically in KOH 
solution (1.0 wt%), mixed with distilled water and ethanol (2:3 in v/v) for 5 min, and 
subsequently washed using distilled water. This method was used to produce negatively 
charged substrates. The substrate was subsequently alternately dipped into β-chitosan and 
sodium alginate solutions. Each sample was produced by identical experimental 
methodologies. 
 
 
2.2.5. Whole-blood-clotting studies 
Blood-clotting investigations were conducted according to methods described in 
published literature.27,28 Pig blood was utilized for blood coagulation testing and placed 
in a 2 ml bottle. 0.01g of composite calcium carbonate and 0.1 ml of pig blood were added 
to each sample and the mixtures incubated at 37 °C for 3 min, prior to drying at room 
temperature for 10 min. The samples were subsequently washed in 50 ml of distilled water 
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whilst subject to stirring at 250 rpm for 15 s. 1.5 ml of solution were extracted from the 
2 ml bottle and centrifuged at 1000 rpm for 1 min and the supernatant collected. The 
optical density (OD) of the supernatant was measured by ultraviolet visible (UV-vis) 
spectrophotometer (Shimadzu UV mini-1240) at 540 nm. 
 
2.3. Results and discussion 
2.3.1. Morphologies of calcium carbonate and calcium carbonate composite 
The surface structure of natural cuttlefish bone is difficult to control. Therefore, to attempt 
these two alternative morphologies of CaCO3 were prepared using SDS. Comparisons of 
CaCO3 and cuttlefish bone morphologies were observed via a field emission scanning 
electron microscope (FE-SEM, Hitachi, S-4700). Figure 2-1 illustrates the SEM images 
obtained comparing CaCO3 and cuttlefish bone. The surface structure of CaCO3 without 
SDS is spherical (Figure. 2-1a). CaCO3 with SDS is more squamous (Figure 2-1b), with 
the surface structure of cuttlefish bone resembling vaterite CaCO3 (Figure 2-1c). The 
surface structure of CaCO3 synthesized with SDS clearly differs from that of CaCO3 
without SDS and cuttlefish bone. 
 
 
Figure 2-1. SEM images: (a) CaCO3 without SDS, (b) CaCO3 with SDS (c) Cuttlefish 
bone. 
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2.3.2. Analyzing crystal structure 
CaCO3 exists as three varieties of anhydrous polymorphs: calcite, aragonite and vaterite.29 
Most calcite CaCO3 crystals are rhombohedric; aragonite CaCO3 has a needle-like shape; 
and vaterite CaCO3 is spherical.30 Calcite represents the most thermodynamically stable 
form of CaCO3 at room temperature and ambient pressure conditions; vaterite is unstable 
under these conditions. The prepared samples were observed by X-ray diffraction (XRD) 
using an X-ray diffractometer (D8 advance, Bruker). CaCO3 with SDS resembles a calcite 
phase crystal structure, as depicted in Figure 2-2. CaCO3 without SDS resembles a 
vaterite phase crystal structure. It is thought that SDS polar groups provide active sites 
for CaCO3 nucleation as a consequence of their electrostatic interaction with calcium 
ions.31 In addition, the surfactant concentration was also observed to alter the sample 
surface structure. 
 
 
Figure 2-2. XRD patterns of synthesized CaCO3. 
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2.3.3. Coating CaCO3 by the Layer-by-Layer (LBL) self-assembly method. 
Both CaCO3 without SDS and CaCO3 with SDS were coated via the LBL self-assembly 
method. The layer structure lends itself to reveal each material feature in one composite. 
When used to apply surface coatings, the LBL method can generate samples with careful 
regulation of coating morphology and thickness within the nanoscale range, whilst also 
providing good overall levels of substrate uniformity. In addition, the LBL method can 
regulate the quantity of coating material applied. Two varieties of CaCO3 exist: a 
biogenically-derived form and a synthetically-derived form. In aqueous solution, the 
biogenic form possesses an anionic (negative) charge, whereas the synthetic form 
possesses a cationic (positive) charge.32 Sodium alginate is an anionically-charged 
aqueous solution, whereas β-chitosan is a cationically-charged aqueous solution.33 Acting 
as the substrate, CaCO3 was firstly dipped into sodium alginate solution and then the 
coated alginate CaCO3 was subsequently dipped into β-chitosan aqueous solution. 
Depending upon the electrostatic forces existing between oppositely charged materials, 
sodium alginate and β-chitosan were alternately coated onto the CaCO3 substrate. The 
composite CaCO3 was fabricated to comprise between 0 bilayer to 10 bilayers (see Figure 
2-3 which depicts CaCO3 composite varying between 2 bilayers to 10 bilayers). Despite 
increasing numbers of bilayers, a clear distinction between CaCO3 surfaces is always 
observed. The CaCO3 composite surface is smoother than the non-coated CaCO3 
counterpart, indicating that sodium alginate and β-chitosan are contained within the 
original CaCO3. 
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Figure 2-3. CaCO3 composite with β-chitosan and sodium alginate fabricated by LBL 
method from 2 bilayers to 10 bilayers. (a) Vaterite CaCO3, (b) calcite CaCO3.  
 
2.3.4. Results of layer thickness measurements and coating material quantities 
Layer thickness and coating material quantities were measured. It was confirmed that the 
layer thickness had a propensity to increase with increasing numbers of bilayers. A 10-
bilayer sample gave a thickness of around 73.3 nm. Frequency shifts measured using 
QCM showed increases from 30 to 480 Hz with increasing numbers of bilayers, as 
depicted in Figure 2-4. In this figure, black square dots represent the quantities of 
adsorbed β-chitosan. The red circle dots represent the quantities of adsorbed alginate. The 
Sauerbrey equation,34 confirms a mean of 60.4 ng of β-chitosan and alginate are adsorbed 
on each bilayer. 
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Figure 2-4. QCM frequency shift of β-chitosan and alginate. 
 
2.3.5. Results from whole-blood-clotting studies 
It was confirmed that calcite CaCO3 exhibits the fastest clotting rate compared with other 
samples. In Figure 2-5a and b, the lowest absorbance at 540 nm is representative of a 
faster clotting rate. Figure 2-5a shows that Calcite CaCO3 has fastest clotting rate.  
Comparisons of β-chitosan and synthesized CaCO3 indicate that the latter has a greater 
impact on blood coagulability, as the synthesized CaCO3 contains calcium ions, whereas 
β-chitosan does not. In addition, comparisons of cuttlefish bone and β-chitosan indicate 
that the latter has a greater impact on blood coagulation, as the chitosan influences red 
blood cell aggregation by electrostatic interactions. Although it is accepted that cuttlefish 
bone contains some β-chitin, the quantities are very low. Figure 2-5b illustrates blood 
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coagulability of CaCO3 composite. It can be seen that increasing number of bilayers 
improves the clotting rate, indicating that adsorption increases with increasing β-chitosan 
and alginate leading to increased blood coagulability of CaCO3 composite. These results 
demonstrate an enhanced hemostatic effect permitting faster blood clotting by coating 
with β-chitosan and alginate. Comparisons of vaterite CaCO3 and calcite CaCO3, indicate 
that calcite CaCO3 exhibits a faster clotting rate than vaterite CaCO3. This is possibly 
influenced by the fact that in aqueous solution, vaterite easily undergoes phase transition 
to the more thermodynamically stable calcite phase, as phase transition hinders adsorption 
of β-chitosan and alginate on the CaCO3 substrate. This effectiveness also tends to 
increase with increasing numbers of bilayers. 
 
 
Figure 2-5. Results of whole-blood clotting studies using pig blood. (a) Comparison 
of various materials. (b) Comparison of different CaCO3 surface structures with 
increasing bilayers. 
 
2.4 Conclusions 
CaCO3 composite for blood coagulation were fabricated via the LBL self-assembly 
method. Alginate and β-chitosan were both successful in coating each variety of CaCO3. 
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SEM, UV-vis spectrophotometer and blood clotting studies demonstrated that the CaCO3 
composite possesses better blood clotting action than either cuttlefish bone or β-chitosan 
alone. Consequently, CaCO3 composite can be seen to possess potential for medical 
applications. In order to increase the specific surface area available for coatings, the next 
chapter will address identification of appropriate nanofibers for achieving the overall 
objective of rapid blood coagulation. 
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Chapter 3. Biodegradable Polycaprolactone Nanofibers with β-
chitosan and Calcium Carbonate Produce a Hemostatic Effect 
This chapter is based on [Park, J. Y.; Kyung, K. H.; Tsukada, K.; Kim, S. H.; Shiratori, S.; 
Biodegradable polycaprolactone nanofibres with β-chitosan and calcium carbonate produce a 
hemostatic effect. Polymer 2017, 123, 194-202.] 
 
3.1. Introduction 
Porous structures have proved attractive materials for various bio-applications due to their 
unique properties such as high specific surface area, high porosity and controllable 
morphology.1 Whilst a number of methodologies are available for the fabrication of porous 
structures, in practice, those involving nanoscale or microscale porous structures and nanofiber 
materials predominate. Nanoscale or microscale porous structures and materials have played a 
particularly important function in enhancement of drug delivery, due to their high efficiency 
and selectivity.2,3 However, generally they fail to be compliant with human-safety requirements 
as a consequence of their synthesis processes and in vivo or in vitro stability which restricts 
their clinical use. Nanofiber technology offers a basic method for generating a porous structure 
from a broad spectrum of materials, including polymers, composites, self-standing, which can 
all be applied within a variety of bio-applications, including facilitating reactions within the 
native extracellular matrix (ECM), promoting cell migration and proliferation,4-6 sensing,7 
tissue engineering,8,9 enzyme immobilization and wound dressings.10,11  
Hemostasis is required when treating military traumas or performing surgical operations, 
otherwise uncontrolled hemorrhaging can result in death. Wound dressings therefore play a 
crucial role in hemostasis under a number of different circumstances.12 Substances which 
permit the generation and stabilization of blood clots are crucial in any effective wound 
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dressing. Fibrin sealant, collagen and fibrin sponges and thrombin have all been investigated 
for their effectiveness in wound dressings.13,14 A number of researchers have shown the 
effectiveness of Polycaprolactone (PCL) in wound management,15 which has led to a gradual 
increase in the application of PCL as a biomaterial in tissue engineering.16,17 Relative to other 
biodegradable polymers such as PLA and PGA, PCL demonstrates some unique physical 
characteristics making it ideal for medical applications, including low melting temperature, 
high blend compatibility, low cost in addition to possessing Food and Drug Administration 
(FDA) approval.18,19  
Previous research has reported use of an organic solvent for dissolution of PCL,20-22 however, 
this approach demonstrated poor hydrophilicity. Since wound dressings form a direct contact 
with the wound and blood, they demand a high contact area and low surface wettability.  It is 
considered that β-chitosan exhibits a greater hydrophilicity than PCL. β-chitosan is typically 
obtained in aqueous solutions with a low pH derived from addition of acetic acid.23,24 
This chapter focusses on the production of wound dressings using materials which meet all 
necessary human-safety parameters. Three components were employed: PCL; CaCO3; and β-
chitosan. PCL was included as it is a biodegradable material, however, it drawbacks in its 
application for wound dressings because of its hydrophobic nature. CaCO3 was included 
because it is a naturally safe material which can play a key role in enhancing blood coagulation. 
β-chitosan was included as it is amenable to modification of its surface properties which can 
facilitate blood permeation into nanofibers, thereby increasing the fiber contact area; β-chitosan 
also possesses wound healing properties. Research was carried out into the combined 
application of these three components. Electrospun nanofibers were produced in order to 
increase the surface area available for contact with blood or wounded skin. A PCL nanofiber 
mat was utilized as a substrate, with CaCO3 added to the fiber solution. The fiber surface was 
subsequently coated with β-chitosan via an ultrasonic spray technique. Blood coagulation 
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features of PCL and PCL/CaCO3 nanofiber were contrasted. Results indicated that PCL/CaCO3 
fibers with β-chitosan demonstrated a better blood coagulation rate than those demonstrated by 
PCL nanofibers with no CaCO3 or β-chitosan. PCL/CaCO3 nanofibers with β-chitosan are 
therefore anticipated to be applicable to diverse medical application. 
 
3.2. Experimental section 
3.2.1. Materials 
The following materials were used without any further purification: polycaprolactone (Sigma-
Aldrich, St. Louis, MO, USA; MW = 80 K); β-chitosan (Arabio Co., Ltd., Korea; average MW 
= 180 K); and acetic acid (Kanto Chemical Co., Inc., Malaysia; purity = min. 99.7 %); calcium 
chloride (CaCl2, Junsei Chemical Co., Ltd., Japan; purity = min. 99.5%); and sodium carbonate 
(Na2CO3, Junsei Chemical Co., Ltd., Japan; purity = min. 99.5%). Highly purified water was 
produced by deionization and filtration (resistivity > 18.2 MΩ∙cm). were used without further 
purification. 
 
3.2.2. Synthesis of calcium carbonate 
CaCO3 was synthesized via a standard experimental methodology:25 100 ml aqueous 0.2 M 
CaCl2 were mixed with an aqueous 0.2 M Na2CO3, and stirred vigorously for 5 min. The 
solution was permitted to rest for 24 h at room temperature. The precipitate was then washed 
three times with distilled water and dried at 60 °C prior to harvesting of CaCO3. 
 
3.2.3. Fabrication of electrospun nanofibers 
PCL nanofibers were produced by dissolving a PCL pellet in a mixture of 75 wt% chloroform 
and 25 wt% methanol.26 Two varieties of PCL solution were prepared: I) pure PCL solution; 
and II) PCL/CaCO3 solution. For the PCL/CaCO3 solution, CaCO3 was added to the PCL 
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solution. The electrospinning regime involved a voltage of 20 kV, a tip-to-collector distance of 
130 mm and a hydrostatic pressure in the syringe of 1 ml/h at a with aluminum foil. All fibers 
were produced at a weight ratio of 1:3 PCL: CaCO3. Electrospinning solutions were degassed 
prior to loading into a 30 mL syringe with an 18 G (1.2 mm) stainless needle (Terumo Co., Ltd., 
Japan). An electrode was attached to the needle and wired to a power supply. The grounded 
counter electrode was attached to a Cu collector at room temperature and 33% humidity. 
Electrospinning proceeded for 3 h; nanofiber mats were removed from the aluminum foil when 
they could stand alone unaided. Following electrospinning, the aluminum foil with the 
nanofiber mat was extracted from the collector. PCL and PCL/CaCO3 nanofiber morphologies 
were evaluated by field emission scanning electron microscope (FE-SEM, Hitachi, S-4700) 
and confirmed by EDAX (Ametek., Inc. Octane pro). The CaCO3 content of nanofibers 
produced was measured by thermogravimetric analysis (TGA) and differential thermal analysis 
(DTA) using an Exstar analyzer (Exstar 6000). 300 mL nitrogen (N2) gas were added to an 
aluminum sample holder at an initial temperature of 25 °C, a final temperature of 430 °C, and 
a temperature gradient of 40 °C/min. The specific surface area and pore size were evaluated 
via the Brunauer-Emmett-Teller (BET, Micrometritcs ASAP 2010) methodology following 
degassing under N2 gas at 40 ℃. To confirm fiber stability, the fiber mat was soaked in an 
aqueous phosphate-buffered saline (PBS) solution (9.57 mM, pH 7.35 ~ 7.65) with mouse 
blood from 0 to 24 h. The fiber mat was subsequently removed from the PBS solution and 
mouse blood at every 6 h. The fiber mat was subsequently washed with distilled water and 
dried at room temperature. 
 
3.2.4. Fiber spraying with β-chitosan 
A spray nozzle with an air pump is employed for spray-coating nanofibers onto a substrate. 
However, since a standard nozzle sprays a large quantity of solution with large-diameter 
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droplets, an ultrasonic spray machine is utilized. This comprises a syringe pump, an air pump, 
an ultrasonic spray nozzle and an ultrasonic generator. When a droplet of solution is being 
emitted from the nozzle tip, the ultrasonic spray nozzle causes the droplet to vibrate. The 
frequency of the vibration can be controlled by regulating the frequency of the ultrasonic 
generator. This approach results in the ability to control the diameter of the droplet so that the 
substrate can be coated uniformly with solution. Furthermore, the ultrasonic spray machine 
employs a syringe pump, which enables the application of only a small quantity of solution as 
a spray onto the substrate, thereby avoiding complete wetting of the substrate. Nanofiber 
coatings were applied via an ultrasonic spray machine supplied by Ceratorq (Korea; a relevant 
schematic is depicted in Figure 3-1). To accomplish ultrasonic spraying, an aqueous solution 
of β-chitosan was prepared and adjusted to pH 3.0 via addition of acetic acid. The nanofiber 
mat was cut to the size of a glass slide and mounted on the glass slide substrate (76 × 26 mm2). 
The glass slide substrate was then placed on the target area and the β-chitosan solution was 
sprayed onto the PCL nanofiber mat under application of the following ultrasonic spray regime: 
120 kHz frequency; 5 cm nozzle-to-substrate distance; and a 0.5 mL/min syringe feeding rate. 
The substrate was repeatedly transitioned vertically and horizontally, to ensure uniform 
coverage of the spray. A single spraying cycle is depicted in Figure 3-1. PCL nanofibers 
sprayed with 1.25 mL/2.5 mL of β-chitosan and PCL/CaCO3 nanofibers sprayed with 1.25 
mL/2.5 mL of β-chitosan were prepared in duplicate resulting in a total of four samples. The 
entire nanofiber fabrication procedure, including ultrasonic spraying, is depicted in Figure 3-
2. For comparison purposes, another nanofiber sample with the identical quantities of β-
chitosan as used in 1.25 mL/ 2.5 mL of ultrasonic spraying previously was hand-sprayed. 
Particle analysis was conducted by ImageJ (Version 1.50i; National Institutes of Health, 
Bethesda, MD, USA) with SEM imaging. Fourier transform infrared spectroscopy (FT-IR) 
analytical results were obtained via RockSolid™ interferometer (ALPHA-T, Bruker) with KBr 
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(potassium bromide) over the range 500-4000 cm-1 utilizing a resolution of 2 cm-1. 16 scans 
were conducted for each measurement. Sample and KBr were combined and loaded into the 
sample holder. A background spectrum was also obtained for KBr. 
 
 
Figure 3-1. Schematic of the ultrasonic spray machine and a single cycle of the spraying 
procedure. The ultrasonic spray machine comprised an air pump, an ultrasonic generator, 
and a syringe pump. The frequency of the ultrasonic pump is controlled by the ultrasonic 
generator (120 kHz). The syringe pump can adjust flow rate of the solution. The substrate 
is moved vertically and horizontally. All steps (except syringe pump operation) are 
computer controlled. 
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Figure 3-2. Nanofiber fabrication and spraying procedure. Firstly, the nanofiber was 
fabricated by electrospinning. β-chitosan solution was then sprayed onto the PCL nanofiber 
and the PCL/CaCO3 nanofiber; nanofiber mats were extracted from the aluminum foil when 
they were capable of self-standing. 
 
3.2.5. Whole-blood coagulation assessment 
Coagulation assessments of whole pig’s blood were performed in line with published 
methods.27,28 The impact of CaCO3 on blood clotting was first examined by dropping 3 µl blood, 
or 3 µl blood with 0.01 g CaCO3, onto glass slides. All blood coagulation processes were then 
evaluated under a digital microscope. Assessment of blood coagulation by nanofibers, was 
performed by cutting nanofiber mat samples in to 1.5 cm2 squares and attaching these to glass 
slides (see Figure 3-3). The slides were then rinsed as previously. 0.1 ml blood was dropped 
onto each sample prior to incubation at 37 °C for 3 min. Samples were subsequently dried at 
room temperature for 10 min. To eliminate nonclotted blood, glass slides with nanofiber mats 
were put in a 50 ml distilled water bath with magnetic stirring at 250 rpm for 15 sec. A 1.5 ml 
sample of solution was extracted from the 2 ml bottle and centrifuged at 1000 rpm for 1 min.  
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The OD of the centrifuged solution was measured by ultraviolet visible (UV-vis) 
spectrophotometer (Shimadzu UV mini-1240) at 540 nm. 
 
 
Figure 3-3. Whole blood coagulation assessment. Nanofiber mat samples were attached to 
glass slides under the same conditions as rinsing in the water bath. 
 
3.2.6. Assessment of coagulation in mouse blood 
Each animal experimental protocol was approved by the Animal Care Committee of Keio 
University School of Medicine (Protocol No. 14089) prior to implementation. Male (BALB/c) 
mice were anaesthetized with urethane (800 mg/kg) and chloralose (80 mg/kg). Whole blood 
was extracted from the inferior vena cava using a 1 ml syringe, and 20 µl was utilized 
immediately prior to blood coagulation. 
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3.3. Results and discussion 
3.3.1. Impact of calcium carbonate on blood clotting 
The impact of CaCO3 on blood clotting was examined and the process captured on video by a 
digital microscope (Figure 3-4). Blood amended with CaCO3 began to coagulate after 5 min, 
whilst blood without CaCO3 commenced coagulation after 7 min. At 7 min, the sample with 
CaCO3 contained red blood cells, whilst none were present in the blood-only sample; instead, 
this sample contained small red dots. These observations indicate that CaCO3 does exert a real 
impact on blood coagulation. 
 
 
Figure 3-4. Video image capture of blood coagulation process (a) without and (b) with 
CaCO3 on a glass slide. Red boxes highlight commencement of the blood coagulation 
process. 
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3.3.2. Nanofiber morphology and CaCO3 content 
PCL and PCL/CaCO3 nanofibers were successfully produced by the electrospinning 
methodology utilizing synthesized CaCO3. PCL and PCL/CaCO3 nanofiber morphologies were 
assessed by FE-SEM (Figure 3-5). Both PCL and PCL/CaCO3 nanofiber gave diameters of 
approximately 500 nm – 1 μm. The PCL nanofiber exists as an ultrafine fiber with no beads. 
Conversely, the PCL/CaCO3 nanofiber does include CaCO3 beads. The PCL/CaCO3 nanofiber 
gave a predicted weight ratio of 1:3 PCL: CaCO3. A variety of weight ratios of PCL: CaCO3 
were trialled (From 1:1 to 1:3). Of these, the 1:3 weight ratio of PCL: CaCO3 was not amenable 
to fiber fabrication as the quantity of CaCO3 required blocked the flow of polymer solution out 
of the syringe needle. Figure 3-6 depicts a clear distinction between different quantities of 
CaCO3 contained in the nanofiber. However, fiber morphologies exhibited almost identical 
weight ratios. This highlights that the weight ratio of PCL: CaCO3 (1:3) represents the optimal 
condition for nanofiber fabrication. In addition, this content of CaCO3 represented the highest 
weight ratio evaluated. CaCO3 content in the fiber was evaluated via TG-DTA, and results are 
depicted in Figure 3-7. Firstly, the CaCO3, which had a melting point of over 1000 °C was 
evaluated.  The decrease response on the TGA curve is attributed to CaCO3 decomposition to 
calcium oxide (CaO) and water loss. The minor endothermic peak at 430 °C in the DTA curve 
is due to the phase transformation of CaCO3 from vaterite to calcite. Prior to measurement, the 
CaCO3 sample weight was 8.4 mg, following analysis, this was reduced to 8.1 mg. PCL 
nanofiber next to be analyzed has a low melting point of around 60 °C. The endothermic peak 
at 60 °C in the DTA curve corresponds to the phase transition from solid PCL to liquid PCL. 
The large decrease observed in the TGA curve can be explained by PCL thermal decomposition.  
Prior to measurement, the PCL sample weight was 6.5 mg, subsequently it was 0 mg. Finally, 
the PCL/CaCO3 nanofiber was analyzed. The large decrease exhibited by the TGA curve can 
be explained by thermal decomposition of PCL and also the decomposition of CaCO3 to CaO.  
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This curve gave three endothermic peaks: the 60 °C peak is due to the solid to liquid phase 
transition of PCL; the peak at 350 °C corresponds to the thermal decomposition of PCL; finally, 
the peak at 420 °C is due to the phase transformation of CaCO3 from vaterite to calcite. Prior 
to analysis, the PCL/CaCO3 nanofiber sample weight was 9.7 mg, post-analysis this dropped 
to 7.2 mg.  This observation indicates that the sample comprised around 7.2 mg CaCO3 and 
2.5 mg PCL, which closely matched the weight ratio forecast. Specific surface area analysis, 
pore size and fiber diameter are illustrated in Table 3-1. PCL/CaCO3 nanofibers possess a 
greater specific surface area than PCL nanofiber. This is due to the fact that CaCO3 containing 
PCL nanofiber has a direct impact on increasing specific surface area. Conversely, pore sizes 
and fiber diameters slightly dropped. Pore size is a measure of the void space existing between 
fibers. PCL/CaCO3 nanofiber possesses a smaller fiber diameter than PCL nanofiber, as a 
consequence of a different fiber fabrication procedure. Figure 3-8 shows aggregation occurring 
on the tip of the needle when PCL/CaCO3 fiber is fabricated. The outlet diameter of needle 
reduced slightly as a consequence of aggregation. A fiber with a smaller diameter possesses a 
larger density than a fiber with a bigger diameter. Consequently, the resulting PCL/CaCO3 
nanofiber possesses a small pore size. Irrespective of this, the PCL/CaCO3 composite possesses 
a large specific surface area. Fiber morphology in relation to fiber stability was evaluated.  The 
soaked fiber mat morphology was evaluated by FE-SEM. Figure 3-9 depicts how the 
morphology of fiber maintains fiber formation with no breaking and without dissolving in PBS 
and mouse blood solution, even after 24 h. In addition, the fiber mat which was soaked in 
mouse blood (18 h, 24 h) demonstrated the adsorption of blood ingredients, e.g. proteins, white 
blood cells, etc. This adsorption band produced a membrane-like film on the fiber surface. 
These findings confirmed that the nanofiber is stable in aqueous media and under biological 
conditions. 
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Figure 3-5. Field emission scanning electron microscope images of (a) the PCL nanofiber 
and (b) the PCL/CaCO3 nanofiber. 
 
 
Figure 3-6. Field emission scanning electron microscope images of nanofibers possessing 
varying weight ratios (From 1:1 to 1:3). 
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Figure 3-7. The result of thermogravimetric (TG) and differential thermal analysis (DTA). 
 
 
Figure 3-8. Schematic of the nanofiber fabrication procedure: (a) PCL nanofiber; (b) 
PCL/CaCO3 nanofiber. Aggregation was observed to occur on the tip of needle during the 
PCL/CaCO3 nanofiber fabrication process. 
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Figure 3-9. Field emission scanning electron microscope image of soaked fiber mat in a 
solution of aqueous PBS and mouse blood, between 6 to 24 h. 
 
Table 3-1. Specific surface area, pore size and fiber diameter results 
 Specific surface area 
(m2/g) 
Pore size 
(μm) 
Fiber diameter 
(nm) 
PCL 2.5855 ± 1.1135 2.26 ± 0.77 900 ± 480 
PCL/CaCO3 10.9252 ± 0.1437 1.58 ± 0.57 600 ± 240 
 
3.3.3. Ultrasonic spray coating versus hand spraying 
Nanofibers were coated with β-chitosan using an ultrasonic spray machine with the capability 
of controlling both the specific coating area and also the solution flow rate from the syringe 
pump. Furthermore, the ultrasonic spray machine also permits the diameter of the solution 
droplet to be minimized so that a uniform spray coating can be achieved. For comparison 
purposes, nanofibers were also hand-sprayed using an identical quantity of β-chitosan. Results 
demonstrated that whilst the sample which had been sprayed by the ultrasonic spray machine 
was not excessively wet, the sample subject to hand spraying was completely soaked. In 
addition, SEM imagery revealed that hand spraying was not able to achieve a uniform β-
chitosan spray on the nanofiber surface (see Figure 3-10). EDX results (Figure 3-11) indicated 
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that PCL nanofiber did not include β-chitosan (N element). However, results for PCL nanofiber 
sprayed with β-chitosan confirmed the existence of β-chitosan via detection of the N element. 
Particle analysis results indicated that β-chitosan was coated on the PCL nanofiber surface at 
around 16.911% for ultrasonic spraying and at around 3.411% for hand spraying. FT-IR 
(Figure 3-12) was used to examine the functional properties of nanofibers. The spectrum for 
the β-chitosan exhibited absorption peaks at around 3436 cm-1 and 1610 cm-1. The robust band 
at 3436 cm-1 correlated with OH and NH bonds stretching the chitosan. The peak at 1610 cm-1 
represents the amide II bands within chitosan.29 The additional peak at 875 cm-1 represents 
CaCO3.30 These major peaks were not found in pure PCL fiber. 
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Figure 3-10. Field emission scanning electron microscope image of β-chitosan on PCL 
nanofibers after (a) hand spraying and (b) application of an ultrasonic spray machine. The 
quantity of β-chitosan applied is identical in the two images. However, β-chitosan can be 
seen to be more homogenous in (b). The black box indicates particle analysis. 
 
 
Figure 3-11. Results of EDX mapping. 
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Figure 3-12. Results of FT-IR spectral analysis: (a) wide FT-IR spectrum range (500-4000 
cm-1); (b) narrow FT-IR spectrum range (1500-2500 cm-1) (the blue dash line represents the 
absorbance peak at 1610 cm-1); (c) narrow FT-IR spectrum range (500-1500 cm-1) (the red 
dash line represents the absorbance peak at 875 cm-1). 
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3.3.4. Evaluation of whole-blood coagulation 
The clotting ability of PCL and PCL/CaCO3 nanofibers on glass slides were evaluated by 
measuring the absorbance of non-clotted blood at 540 nm (Figure 3-13). A lower absorbance 
is indicative of a reduced quantity of hemoglobin in the sample and therefore represents a better, 
higher coagulation rate. For comparison, pure distilled water gives an absorbance reading of 
0.0559, and all sample absorbances measured exceeded this value. The absorbances of PCL 
and PCL/CaCO3 nanofibers alone and following spraying with 1.25 mL, 2.5 mL of β-chitosan 
using an ultrasonic sprayer (Figure 3-13a) or hand spraying (Figure 3-13b) were evaluated. 
The absorbance of bare gauze was also measured for control purposes, giving a result which 
was almost identical to the absorbance of the PCL nanofiber alone. However, PCL fibers 
following spraying with β-chitosan and all PCL/CaCO3 nanofiber samples (with or without an 
application of β-chitosan spray) demonstrated lower absorbances than that of bare gauze. The 
observation that the PCL/CaCO3 nanofiber demonstrated a greater clotting rate than that 
exhibited by the PCL nanofiber validates the CaCO3 influence on the blood coagulation process. 
Similarly, β-chitosan was shown to enhance coagulation, since the PCL and PCL/CaCO3 
nanofibers subject to 2.5 mL of ultrasonic spraying demonstrated the highest clotting rates 
amongst all PCL and PCL/CaCO3 nanofiber samples. In fact, the PCL/CaCO3 nanofiber 
sprayed with 2.5 mL of β-chitosan demonstrated the highest clotting rate of all samples in the 
investigation. This highlights the fact that β-chitosan enhances red blood cell aggregation via 
an electrostatic interaction with the blood. Comparisons of the hand- and ultrasonically sprayed 
samples, showed that the former demonstrated consistently higher absorbances (Figure 3-13b) 
relative to their ultrasonically sprayed counterparts. This is a consequence of the extremely wet 
surface resulting from hand spraying which consequently impeded the attachment of β-chitosan 
to the fiber surfaces. 
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Figure 3-13. Results of whole-blood coagulation experiment utilizing pig blood on glass 
slides. Nanofiber mats were produced via (a) ultrasonic spraying or (b) hand spraying, with 
all other experimental conditions being equal.   
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3.3.4. Assessment of coagulation in mouse blood 
Since the pig blood in the previous study contained an anti-coagulant additive, blood 
coagulation was also evaluated using pure mouse blood extracted by syringe. Similarly, 
absorbances of non-clotted blood were assessed at 540 nm (Figure 3-14). This experiment 
utilized fiber samples which had been subject to ultrasonic spraying with 2.5 ml β-chitosan 
(PCL, PCL/CaCO3), and compared the results obtained to those for unsprayed fibers and bare 
gauze. As a consequence of variations in the quantities of blood utilized in this experiment, the 
absorbance values varied somewhat from those depicted in Figure 3-13. However, the results 
were still similar, indicating that the PCL/CaCO3 nanofiber subject to spraying with β-chitosan 
demonstrated the highest blood clotting rate. An additional animal experiment to study direct 
attachment of nanofiber composites at wound parts was also conducted. A PCL/CaCO3 
nanofiber mat sprayed with β-chitosan was shown to be permeated more rapidly than a pure 
PCL nanofiber mat (Figure 3-15a). Mouse wounds with attached PCL/CaCO3 nanofiber mat 
sprayed with β-chitosan also exhibited faster blood clotting than those associated with pure 
PCL nanofiber mats (Figure 3-15c). Rapid clotting of the PCL/CaCO3 nanofiber mat sprayed 
with 2.5 mL of β-chitosan is also observable in the photographs of the blood clotting 
experiment (Figure 3-16). 
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Figure 3-14. Results of the whole-blood coagulation experiment employing fresh mouse 
blood. β-chitosan samples represent fibers sprayed ultrasonically for 2.5 ml. 
 
 
Figure 3-15. Results from nanofiber mat attachment experiment. (a) Photograph of 
attachment experiment. PCL nanofiber applied to left-hand side of mouse; PCL/CaCO3 
nanofiber sprayed with β-chitosan applied to right-hand side of mouse. (b) Photograph of 
wound following attachment of PCL nanofiber. (c) Photograph of wound following 
attachment PCL/CaCO3 nanofiber sprayed with β-chitosan. (d) Photograph of nanofiber 
mat following attachment experiment. 
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Figure 3-16. Photographs from blood coagulation experiment utilizing mouse blood: (a) 
PCL nanofiber; (b) PCL nanofiber sprayed with β-chitosan for 2.5 ml; (c) PCL/CaCO3 
nanofiber; (d) PCL/CaCO3 nanofiber sprayed with β-chitosan for 2.5 ml. For each sample, 
20 µl blood was added via micro pipette. Blood coagulation commenced immediately on 
the PCL/CaCO3 nanofiber sprayed with β-chitosan. This phenomenon also identified by 
the hydrophilicity of the surface of (d). 
 
3.3.5. Surface wettability vs blood coagulation 
Surface wettability is crucial in the process of blood coagulation. Increasing contact areas 
between the nanofiber and wound / blood is effective in promoting rapid blood clotting 
facilitated by CaCO3 and β-chitosan composite nanofibers. Blood contact angle and blood 
coagulation with bare gauze and nanofiber samples were measured. The results are illustrated 
in Figure 3-17. Surface wettability almost directly correlates with blood coagulation rates. 
Bare gauze presents a low blood contact angle. However, the blood coagulation rate does not 
exceed that for the PCL/CaCO3 nanofiber mat sprayed with β-chitosan. This is because the bare 
gauze does not contain materials for enhancing blood coagulation, such as CaCO3. Figure 3-
17 shows that PCL nanofibers possess hydrophobic characteristics in association with blood.  
Once combined with the β-chitosan nanofiber mats, the hydrophobicity is decreased with the 
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blood contact angle modifying to reflect a hydrophilic surface characteristic. Relative to 
Figures 3-14 and 3-17, the nanofiber mat sprayed with 2.5 ml of β-chitosan exhibits a rapid 
blood clotting rate. In addition, the optimum content of β-chitosan was confirmed by observing 
the effects of increasing quantities of β-chitosan up to 7.5 ml. Figure 3-18 demonstrates that 
whilst the quantity of β-chitosan increased, the blood contact angle retained almost the same 
value for both PCL and PCL/CaCO3 with 2.5 ml of β-chitosan. While the β-chitosan 
demonstrates wound healing characteristics and improved surface wettability, the primary 
element to ensure the fastest possible blood clotting is the presence of CaCO3. Results for the 
blood coagulation test (with relevant weight ratio of PCL:CaCO3 and optimal β-chitosan 
content) is depicted in Figure 3-19. The weight ratio of PCL: CaCO3 (1:3) demonstrated the 
fastest blood clotting compared to the other two samples (Figure 3-19a). This is attributed to 
the high quantity of CaCO3 contained in this nanofiber. Application of greater than 2.5 ml β-
chitosan, gave similar absorbance values. This demonstrates that the blood clotting rate reached 
saturation once the critical quantity of β-chitosan was reached. β-chitosan attained saturation 
in fiber surfaces at 2.5 ml of solution. The implications for the mechanism of blood coagulation 
can now be discussed. When a region of the body (e.g., skin or blood vessel) is subject to 
damage, resting platelets in the blood activate. These activated platelets catalyze clot formation 
by converting prothrombin to thrombin on the platelet surfaces. Thrombin functions as a serine 
protease which transforms soluble fibrinogen into insoluble fibrin strands, the basis of a blood 
clot. Blood clots consist of platelets in addition to other blood cells. Blood clots cover the 
damaged tissue, preventing infection and stopping bleeding.31 Overall, it can be seen that the 
blood coagulation mechanism involves a number of factors including surface wettability, 
platelet activity, etc. However, as previously mentioned, it is the presence of calcium ions 
which represents the most crucial factor governing hemostasis. While CaCO3 is not in ionic 
form, calcium ion constituting the CaCO3 still influences blood coagulation. Furthermore, β-
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chitosan also has a role to play in facilitating the permeation of blood into the nanofiber pore 
spaces. Nanofiber surfaces produced by spraying with β-chitosan exhibit faster rates of blood 
clotting than non-sprayed nanofiber surfaces. These findings highlight the importance for blood 
to have a large surface contact area with nanofiber which should ideally CaCO3. Consequently, 
the fastest clotting rates are produced by nanofibers with greatest quantities of β-chitosan and 
CaCO3. 
 
 
Figure 3-17. Results of blood contact angle (mouse blood). The blood contact angle was 
measure for a 1ml droplet of pigs’ blood. 
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Figure 3-18. Results of blood contact angle (mouse blood): (a) PCL nanofiber; (b) 
PCL/CaCO3 nanofiber. Results were obtained while quantities of β-chitosan were increased 
up to 7.5 ml. The blood contact angle was measured from a 1 ml droplet of mouse blood. 
 
 
Figure 3-19. Results of the blood coagulation test using fresh mouse blood (Corresponding 
to weight ratio of PCL: CaCO3 and optimum content of β-chitosan). 15 µl of mouse blood 
was utilized immediately to circumvent blood coagulation. 
 
3.4. Conclusions 
A novel nanofiber was fabricated from biocompatible materials PCL and CaCO3 with the 
addition of β-chitosan as a natural polymer. CaCO3 was also added to the PCL fiber which was 
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fabricated by electrospinning to produce an ultrafine PCL/CaCO3 fiber product. Ultrasonic 
spraying was employed to coat the resulting nanofiber with β-chitosan whilst maintaining 
appropriate nanofiber morphologies. SEM results and whole-blood coagulation assessments 
show that the combination of a PCL/CaCO3 nanofiber sprayed with β-chitosan demonstrates 
the best blood clotting ability amongst the samples tested. This is attributed to the improved 
wettability of the fiber surface resulting from the β-chitosan and also the action of CaCO3 in 
increasing the blood coagulation rate. These findings are applicable not only for urgent internal 
bleeding but also to any type of external bleeding. Since CaCO3 and β-chitosan are all-natural 
materials, safe for human use, and PCL is a biodegradable material, the application of the 
PCL/CaCO3 nanofiber sprayed with β-chitosan as wound dressings, does not have to consider 
elimination of threads for safety reasons following surgery or other application. Furthermore, 
the fabricated PCL/CaCO3 nanofiber sprayed with β-chitosan is highly convenient and cost-
effective. In addition, its thickness and bespoke sizing for any wounded area is easy to control. 
Also, there is no limitation of substrate because of its self-standing. To conclude, it is 
considered that the fabricated PCL/CaCO3 nanofiber sprayed with β-chitosan provides great 
potential for a wide variety of medical applications where rapid blood coagulation is necessary. 
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Chapter 4. Anti-adhesion Functionalized Superhydrophobic 
Coating for Biological Surface 
This chapter is based on [Park, J. Y.; Tenjimbayashi, M.; Muto, J.; Shiratori, S. 
Antiadhesion Function between a Biological Surface and a Metallic Device Interface at 
High Temperature by Wettability Control. ACS Biomater. Sci. Eng. 2018, 4, 1891-1899.] 
 
4.1. Introduction 
Electrosurgery is a relatively easy technique to perform. Therefore, it is widely used in 
operating theatres and in-patient clinics to circumvent blood loss. It offers the advantages 
of being able to incise precise cuts whilst incurring minimal blood loss.1 However, 
repeated coagulation of blood causes burned tissue to attach to the tip of the bipolar 
forceps and this consequently reduces further blood coagulation.2,3 This results in the 
requirement for the bipolar forceps to be changed for a new one, or washed well with 
water whilst the medical operation is taking place; this disrupts the flow of medical 
treatment. This situation represents a tricky problem for which no solution has yet been 
found. The urgent requirement to clean the bipolar forceps tips causes temporary 
suspension of the operation on each occasion and therefore unnecessarily prolongs the 
procedure; this can result in delayed hemostasis and blood contamination during the 
operation. The problem is caused by the raised temperature at the tips of electrical-energy-
based instruments.4 Nevertheless, it is acknowledged that medical treatment in the 
operation room demands rapid hemostasis by bipolar forceps.5,6 Greenwood in 1940 
developed and described the first bipolar coagulation system,7 following which a number 
of bipolar forceps have been developed where the tips are protected against attachment 
of burned tissue.8-10 All these innovations prevent tips heating. Tissue adhesion on the 
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bipolar forceps tips may raise temperatures to 70–80 °C.11 Tips coated with Isocool™ do 
not heat up beyond 80 °C.8 Bipolar forceps with a high frequency (4 Hz) are subject to 
lower heating and although this reduces tissue adhesion at the tip, this also reduces 
coagulation potential.8 Zhang et al. recently developed liquid-infused surfaces (LIS) to 
prevent adhesion at high temperatures.12 The LIS were relatively complicated to prepare, 
necessitating utilization of materials which are not safe for humans or for use in medical 
equipment. As far as the author is aware, there are no previous reports of 
superhydrophobic or hydrophobic surfaces being used for anti-adhesion purposes. With 
respect to anti-adhesion and antifouling, a number of biomimetic surfaces (e.g. 
superhydrophobic surfaces 13-21 and slippery liquid infused porous surfaces22,23) have been 
developed over recent years. These concepts underlying the rationale for these surfaces 
was to mimic the natural surface morphology of the leaves of plants, such as lotus leaf, 
Nepenthes. Control of wettability is influenced by the nature of the materials utilized in 
addition to surface morphologies. Previous research has demonstrated the application of 
a material’s surface hydrophobicity for control purposes.24,25 Bio-related nanomaterials, 
deriving from modified DNA and cell-related macromolecular nano-architectonics, are 
also described for advanced biofunction applications such as targeted drug delivery and 
production of artificial organs.26 Superhydrophobic coatings have been applied for a 
variety of characteristics, such as waterproofing 27 antireflective,28 anticorrosion ,anti-
icing,29 antifogging,30 and antibacterial properties as well as in medical devices.31,32  
Surgical procedures take place within water-rich environments and wet surface tissues. 
As previously discussed, such conditions present a number of challenges for the operative 
procedures. Consequently, this research has chosen to focus on superhydrophobic 
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coatings to provide anti-adhesion of tissues and also resistance to surface wetting in 
water-rich environments.  
This chapter initially examines the use of medical instrumentation, known as bipolar 
forceps, in the field of ‘neurosurgery,’ with the aim to minimize the impact of tissue 
adhesion and to reduce the potential for medical errors to occur during surgical procedures. 
In addition, the investigation ensured that the measured surface temperature is the exact 
surface temperature on real bipolar forceps tips, rather than on flat metal substrate. Whilst 
the investigation did not utilize human brain or tissue, the experimental conditions 
precisely replicate the disadvantages presented by tissue adhesion. Secondly, the coating 
methodology was developed for wettability control. As a one step process, this coating 
methodology was very simple: requiring just a basic surface spray. This simplicity widens 
the application potential to various fields where urgent responses are demanded. Thirdly, 
a superhydrophobic coating was employed to prevent tips heating and consequent 
attachment of burned tissue. The superhydrophobic coating resulted in lower tissue 
adhesion on the tips of bipolar forceps without increasing the temperatures at the tip.  
Lastly, a dried surface coating, consisting of suitable material from a human safety 
perspective, was employed. Since the surface consisted of a dried solid, the coating 
material does not possess the mobility to diffuse easily across to a biological body. Since 
toxic materials (e.g. lubricant which is easily be removed by adhesion or abrasion) are 
not employed during operation, there are no particular safety concerns regarding the 
safety of additional materials. All materials employed are suitable for use on surgical 
equipment used in medical operations. 
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4.2. Experimental section 
4.2.1. Materials 
A hydrophobic aerosol spray (hexamethyldisilazane-modified SiO2 nanoparticles) was 
used in an ethanol dispersion (SNT Co., Kawasaki, Japan). Pig liver and chicken wings 
(for weight and temperature measurements), chicken breast meat (for adhesion force 
measurements) were purchased from a commercial store. 
 
4.2.2. Weight change and temperature measurements 
Adsorption experiments were performed with bipolar forceps (BF-01, Chistop, iMed 
Japan Inc., Chiba, Japan) in order to ascertain the weight difference of the bipolar forceps 
and the temperature difference of the bipolar tips. The bipolar forceps were employed to 
make contact with five different materials: pig liver, chicken wing (blood tube, under the 
skin, muscle, and skin). Firstly, the weight of the bipolar forceps was measured three 
times using a microbalance. Following use of the bipolar forceps to make contact with 
the five different materials, the weight of the bipolar forceps was measured using the 
identical procedure as previously to determine any weight change. During this experiment 
any change in the temperature of the tips was recorded when a current was flowing. The 
same measurements were taken for the coated bipolar forceps, under the identical 
conditions as above. The power setting of the bipolar forceps was varied as appropriate 
for the different materials. 
 
4.2.3. Coating on the bipolar forceps tips and stainless-steel plate 
A hydrophobic aerosol spray was applied to the bipolar forceps tip and stainless-steel 
plate until completely wet surfaces were achieved. Subsequently, the bipolar forceps and 
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stainless-steel plate were dried at room temperature for 10 min. Two different samples 
were prepared by controlling wettability but maintaining identical spraying distances: a 
hydrophobic surface (sample 1); and a superhydrophobic surface (sample 2). 
 
4.2.4. Characterization 
The surface morphology (stainless-steel plate with coating) was examined by field 
emission scanning electron microscopy (Hitachi co., Ltd. Japan, S-4700, FE-SEM).  
Surface wettability was determined by assessment of the contact angle with water, via a 
CCD camera device (OMRON SENTECH co., Ltd. Japan, STC-MC33USB) and ImageJ 
(Version 1.50i; National Institutes of Health, Bethesda, MD, USA). 
 
4.2.5. Adhesion force measurements 
Electrosurgical instruments are typically constructed from a metal such as stainless steel. 
Bipolar forceps tips are extremely narrow, which makes it difficult to assess adhesion 
force measurements. Therefore, a separate stainless-steel plate was constructed especially 
for adhesion force measurements. The adhesion force measurement machine (EZ-S, 
Shimadzu Co., Japan) operating on chicken meat is illustrated in Figure 4-1. The 
dimensions of the stainless-steel plate were 5 × 5 cm2.  The size of the piece of chicken 
flesh was 1.5 × 2.5 cm2. The stainless-steel plate was placed on a hot plate connected to 
a temperature controller (TR-KN, AS ONE Co., Japan) so that the surface temperature 
could be increased. The temperature of the place surface was then measured by an infrared 
thermometer camera (ARGO Co., Ltd. Japan, PI-450). The chicken flesh was in contact 
with the stainless-steel plate for 30 s. 
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Figure 4-1. (a) Image of the adhesion force measurement machine operating on 
chicken meat. (b) Schematic depiction of the adhesion force measurement machine 
operation: the stainless-steel substrate was placed on the hot plate; the hot plate was 
connected to a temperature controller and thermocouple; the meat sample was 
connected to the clip; the meat sample was balanced at the center of the stainless-steel 
substrate. To eliminate the ‘pretension’ effect, the stainless-steel substrate and chicken 
meat were set to the same distance with “0” point adjustment of applied force 
indicated prior to commencing measurement. Reprinted with permission from Ref. 
36. Copyright 2018 American Chemical Society. 
 
4.3. Results and discussion 
4.3.1. Weight and temperature change of the bipolar forceps 
The weight and temperature change of the forceps were examined before and after they 
were used to make contact with each of five different materials whilst electricity was 
applied. Figure 4-2 depicts the comparison between bipolar forceps with and without a 
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coating following application to the five different materials (pig liver, chicken wing blood 
tube, chicken wing under the skin, chicken wing muscle, skin of the chicken wing). The 
weight of the bipolar forceps before and after electricity was applied to the bipolar forceps 
was measured, with any weight gain indicating the adsorption of various materials on to 
the surface of the bipolar forceps. Figure 4-3 shows that the bipolar forceps without a 
coating exhibited a larger weight difference than the coated bipolar forceps. The 
temperature measurements (illustrated in Figure 4-4) showed that the mean maximum 
temperature, and increase in temperature, were higher for the bipolar forceps without a 
coating. Figure 4-4e shows that there was only a slight difference in the mean maximum 
temperature of the coated and uncoated bipolar forceps. This is attributed to the thickness 
of the bipolar forceps tips that make contact with the sample being low (less than around 
1 mm). Typically, the thickness of the bipolar forceps tips which are used to make contact 
with the sample range between 2–5 mm. However, since the thickness of chicken wing 
skin is around 1 mm, this limited the maximum thickness for the experiment. However, 
other parts of a chicken wing are thicker than the skin. No significant differences were 
observed in the weight and temperature of the bipolar forceps with and without a coating 
that made contact with pig liver. This is thought to be due to the fact that pig liver contains 
a lot of fatty tissue, distinct from skeletal and smooth muscle. Consequently, the 
hydrophobic coating only exerted a relatively small effect on the anti-adhesion properties 
within a predominantly lipid-based environment. This finding demonstrated that the 
coating on the surface of the tip reduced the level of temperature increase. Accordingly, 
the reduction in the temperature rise and the low difference in weight demonstrated that 
the hydrophobic coating had reduced tissue adhesion. 
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Figure 4-2. Images of bipolar forceps making contact with the 5 different materials: 
(a) pig liver (14 W); (b) chicken wing blood tube (7.2 W); (c) chicken wing under the 
skin (7.2 W); (d) chicken wing muscle (7.2 W); (e) chicken wing skin (7.2 W). 
Electricity (W) and current time applied varied according requirements to the of the 
material under investigation. The white scale bar indicates 2 cm. Reprinted with 
permission from Ref. 36. Copyright 2018 American Chemical Society. 
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Figure 4-3. Weight change of bipolar forceps before and after use in the five different 
materials: (a) pig liver; (b) chicken wing blood tube; (c) chicken wing under the skin; 
(d) chicken wing muscle; (e) chicken wing skin. The weight of the bipolar forceps 
was measured three times using a microbalance. After the bipolar forceps had made 
contact with the five different materials, the weight change of the bipolar forceps was 
confirmed using the same procedure. Reprinted with permission from Ref. 36. 
Copyright 2018 American Chemical Society. 
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Figure 4-4. Maximum temperature and the temperature increase rate of bipolar tips 
when applied to the five different materials: (a) pig liver; (b) chicken wing blood tube; 
(c) chicken wing under the skin; (d) chicken wing muscle; (e) chicken wing skin. The 
sample surface temperature close to the contact point of the bipolar tips was measured. 
The temperature increase rate ((maximum temperature − initial temperature) / time) 
was measured. Reprinted with permission from Ref. 36. Copyright 2018 American 
Chemical Society. 
 
4.3.2. Wettability analysis of surface 
We measured the water contact angle of different surface coating samples. All the 
substrates were stainless-steel excepted meat. As shown in Figure 4-5, the water contact 
angle was approximately 0° (Meat), 73.1 ± 0.6° (without coating), 118 ± 0.6° (Sample 1), 
and 153.4 ± 0.6° (Sample 2). Sample 1 was fabricated by spraying 5 mL of hydrophobic 
silica on the surface followed by drying at room temperature. Sample 2 was fabricated by 
spraying 5 mL of hydrophobic silica, followed by drying and spraying again with the 
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same amount of hydrophobic silica (5 mL). Therefore, the stainless-steel surface in 
sample 2 had a much higher amount of hydrophobic silica. 
 
 
Figure 4-5. Wettability analysis of different samples. (a) Contact angle and receding 
contact angle measurements on the surface of all the samples. Sample 1 was fabricated 
by spraying 5 ml of hydrophobic silica on the surface followed by drying at room 
temperature. Sample 2 was fabricated by spraying hydrophobic silica 5 ml of 
hydrophobic silica followed by drying and spraying again with the same amount of 
hydrophobic silica (5 ml), (b) Time-lapse photographs of a water droplet bouncing on 
the surface of sample 2. Reprinted with permission from Ref. 36. Copyright 2018 
American Chemical Society. 
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4.3.3. Surface morphology of the coated sample  
The surface morphology of the coated samples is depicted in Figure 4-6, where the major 
differences between the samples can be seen to be uniformity. SiO2 nanoparticles were 
not fully coated on Sample 1 (Figure 4-6a). However, SiO2 nanoparticles were 
completely coated for Sample 2 (Figure 4-6b). The differences in the contact angle 
measurements were observed to correlate with the differences in surface morphology.  
The high-magnification images here showed the SiO2 particles on the coated surface. 
There were no significant differences in the high-magnification images depicted in 
Figure 4-6c, d. 
 
 
Figure 4-6. Field emission scanning electron microscopy images of Sample 1 (a, c), 
Sample 2 (b, d). High-magnification images of the coated surface (c, d). Reprinted 
with permission from Ref. 36. Copyright 2018 American Chemical Society. 
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4.3.4. Adhesion force measurements 
The adhesion force between the stainless-steel and the chicken meat was measured by an 
infrared thermometer camera (Figure 4-4) at varying surface temperatures (60 °C, 80 °C, 
100 °C). Figure 4-7 shows that Sample 2 (i.e. the superhydrophobic surface) exhibited 
the lowest maximum applied force. The surfaces with no coating exhibited the highest 
maximum applied force. These results demonstrate that the adhesion force was greatest 
for the stainless-steel surface without a coating. In addition, this surface also 
demonstrated a very rapid increase in meat temperature. However, the surfaces of Sample 
1 (hydrophobic) and Sample 2 (superhydrophobic), exhibited slower meat temperature 
increases. These results demonstrate that SiO2 influences heat insulation. The low 
temperature increasing of the meat and low surface temperature led to a reduced adhesion 
force between the stainless-steel surface and the meat sample. Consequently, the 
hydrophobic and superhydrophobic surfaces exhibited better anti-adhesion properties 
than the surfaces without a coating. Among the modified surfaces, the superhydrophobic 
surface exhibited the best anti-adhesion characteristics. 
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Figure 4-7. Adhesion force measurements with varying surface temperature and maps 
of surface temperature: (a) 60; (b) 80; and (c) 100 °C. The figures on the left depict 
the maximum applied force on different modified surfaces at the same surface 
temperature. The figures on the right depict the relevant maps of the surface 
temperature obtained by an infrared thermometer camera. In Area 1, the white number 
represents the surface temperature. Reprinted with permission from Ref. 36. 
Copyright 2018 American Chemical Society. 
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4.3.5. Discussion and calculation of the adhesion forces between the coatings 
The force of adhesion mediated by water is dependent upon the way in which the water 
is attaches to the coating. While the surface is superhydrophobic, the Cassie-Wenzel 
transition, or Cassie-Wenzel mixed state by adhesion pressure or heating, can alter the 
adhesion model to either of the following two types: 19 
 
(i) In instances where the mediated water responsible for adhesion characteristics is held 
between the meat and the coating, as in Figure 4-8, the adhesion force (Fadhesion) is given 
by the sum of capillary forces (Fcap) and structural cohesion force of water (Fcoh), which 
are given as:33 
 
Fcap = Fsurface tension + Flaplace pressure 
                                                     = 2πγRs + πγRs
2(Rcurve
−1 − Rs
−1)                                     (4.1) 
                                                                  Fcoh = 2γπRs
2                           (4.2) 
 
where γ represents the liquid-vapor interfacial tension; Rs represents the radius of the 
liquid bridge neck; and Rcurve  represents the meridional curvature of the meniscus 
surface. Adhesion forces are treated as a function of Rs and Rcurve and are determined 
by the apparent receding contact angle (θrec). 
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As a consequence of the asymmetry of the meniscus curve between meat–water and 
coating–water, Fadhesion is written as: 
 
Fadhesion   = ||Fcap
meat + Fcap
coat| − |Fcoh|| 
               = |πγRs
2(2 − |∆Rcurve
−1 |)| 
                                                      = πγRs
2|2 − |sum(cosθrecH)||              (4.3) 
 
where H  represents the distance between the liquid bridge neck and bottom. By 
measuring Rs , θrec , and H , the adhesion force can be estimated. However, in this 
instance, particularly when the intermediate liquid responsible for adhesion is a non-
Newtonian fluid, the radius of the liquid bridge neck must be much greater than the 
distance between the liquid bridge neck and the bottom (i.e., Rs ≫ H~0).
34 Therefore, 
the adhesion force is practically identical, irrespective of the receding contact angle of 
water, and is given by:  
 
Fadhesion~2πγRs
2                       (4.4) 
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Figure 4-8. Schematic illustration of the adhesion force analysis in the instance where 
both the coating and meat are held in place by the adhesive effects of the intermediary 
water. Reprinted with permission from Ref. 36. Copyright 2018 American Chemical 
Society. 
 
(ii) In the instance where the intermediary water is held onto the meat, but does not adhere 
to the coating (as depicted in Figure 4-9) the cohesive force acting on the meat is greater 
than that acting on the coating, and is simply given by the Young-Dupré equation:35 
 
Fadhesion = πr
2
coatγ(1 + cosθrec,coat)               (4.5) 
 
where r  represents the adhesion radius between the coating and water. In this instance, 
Fadhesion is much smaller than Fcoh. Therefore, the adhesion force is strongly impacted 
by the receding contact angle of water, in addition to the liquid surface tension when the 
coating prevents the adhesion of water.  
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Figure 4-9. Schematic illustration of adhesion force analysis when the intermediary 
water is held by the meat but does not adhere to the coating. Reprinted with 
permission from Ref. 36. Copyright 2018 American Chemical Society. 
 
As described above, adhesion of the meat mediated by water is determined by the Cassie 
or Wenzel state. Furthermore, these force analyses can be applied at the microscopic level. 
Therefore, the adhesion force on the surface can be written as: 
 
 
where 𝑓hydrophobic represents the area fraction of the Cassie state hydrophobic coating. 
The surface tensions and contact angle values are functions of temperature, pressure, and 
free energy as intensive properties. The equations demonstrate that a liquid-vapor 
interfacial tension and an apparent receding contact angle are the significant factors 
controlled by temperature. On the hydrophobic coating area, the adhesion radius is 
relatively small and (1 + cosθrec,coat) approximates to “0” when the area is strongly 
hydrophobic (see Figure 4-5b). This acts at both room temperature and higher 
temperatures, so that the angle at high temperatures should be smaller than at room 
Fadhesion = (1 − 𝑓hydrophobic)2πγRs
2                                                  
                                       +𝑓hydrophobicπr
2
coatγ(1 + cosθrec, coat)     (4.6) 
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temperatures. Therefore, the adhesion force of the hydrophobic coating can be 
approximated to: 
Fadhesion = (1 − 𝑓hydrophobic)2πγRs                                              
2  (4.7) 
 
With the maximum adhesion force Fadhesion
max  being expressed as: 
 
Fadhesion
max = (1 − 𝑓hydrophobic)2πγ(Rs
t=0)2            (4.8) 
 
where Rs
t=0 represents the maximum value of Rs, which should also be the initial radius 
of the liquid bridge neck (t=0: time to start peeling). 
For the superhydrophobic coating (Sample 2), some of the coating area exists in the 
Wenzel state but the remainder is in the Cassie state due to the nonuniform pressure 
exerted by the meat. Therefore, the Fadhesion
max  did not approximate “0” as a consequence 
of the partial Wenzel state. The strength of Fadhesion
max   reduced in the order 
uncoated>sample 1>sample 2 (see Figure 4-7). This is to be expected as the Fadhesion
max  
reduces as the hydrophobic coating area increases (see Figure 4-5a for wettability and 
Figure 4-6 for hydrophobic coating area fraction). In this instance, the uncoated surface 
is treated as 𝑓hydrophobic = 0. The reason for the adhesion force being dependent upon 
the temperature is due to the reduction of 𝑓hydrophobic rather than the variations in γ. 
With increasing temperature, the vapor from the heated water, in addition to the 
temperature gradient force between the water and coating converts the coating to the 
Wenzel state. Therefore, the 𝑓hydrophobic reduces in order to increase Fadhesion
max , whereas 
reductions in γ from increasing water temperature results in reductions in Fadhesion
max  . 
Consequently, the design of a uniform superhydrophobic coating area which fulfills the 
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requirements of (i) represents a promising potential avenue for the design of weak 
adhesion coating devices that can be mediated by water. 
 
4.4. Conclusions 
The variations in the wettability control of the surfaces of bipolar forceps were 
investigated by coating the surfaces with a hydrophobic coating and examining the effects 
of the coating on the mass of adhesion tissue and surface temperature. The coated bipolar 
forceps exhibited a lower weight of adhesion tissue and lower temperature increases than 
that of the uncoated bipolar forceps. A SiO2 thin film was demonstrated to reduce the 
temperature increase and impede tissue adhesion. As a consequence of the variations in 
the SiO2 coating uniformity, the surface wettability was altered from hydrophobic to 
superhydrophobic. A uniform surface structure with a SiO2 coating (superhydrophobic) 
demonstrated low tissue adhesion on the surface. The adhesion force at various surface 
temperatures was also investigated. The hydrophobic and superhydrophobic surfaces 
exhibited better anti-adhesion than the surfaces with no coating. In particular, the 
superhydrophobic surface demonstrated the best anti-adhesion characteristics under high-
temperature conditions. Wettability control via use of a hydrophobic and 
superhydrophobic surface could be employed to minimize or prevent tissue adhesion to 
metallic surfaces under high-temperature conditions, and this is required for quick 
instrument cleaning. 
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Chapter 5. Anti-adhesion Functionalized Omniphobic Coating 
for Biological Surface 
 
5.1. Introduction 
A variety of anti-adhesion/anti-fouling coatings have attracted attention as a consequence 
of their self-cleaning capabilities and liquid repellent characteristics, which prevent the 
adhesion of water- or oil-based compounds.1 These benefits have resulted in significant 
demand for anti-fouling/anti-adhesion coatings in a wide variety of environments and 
applications. Such coatings fulfill the requirements of a number of bio-applications, 
including medical devices,2,3,4 biosensors5,6 and tissue engineering.7,8 A diversity of 
design approaches currently exists for the development of novel anti-adhesion/anti-
fouling applications; these include approaches considering control of surface wettability, 
9,10 bioactivity of surfaces,11,12 advances in polymer development,13,14 etc. Hydrophilic and 
hydrophobic properties were identified according to the contact angle values formed with 
water.15 Materials with hydrophilic surface characteristics have potential for development 
in the field of anti-fouling / anti-adhesion. The hydrophilic polyethylene glycol (PEG) is 
representative of a typical anti-fouling polymer.16 PEG molecular chains embedded onto 
target surfaces are resistant to protein absorption via steric repulsion.17,18 Conversely, 
hydrophobic surfaces possess nano / micro textured hierarchical structures comprising 
low surface energy materials. These surfaces can be employed as anti-adhesion / anti-
fouling agents in water-rich environments. However, both hydrophilic and hydrophobic 
surfaces exhibit disadvantages associated with mechanical robustness within oil-rich 
environments.19 Recently, liquid-infused surfaces (LIS) and slippery liquid-infused 
porous surfaces (SLIPS) have been developed as alternative approaches to anti-fouling / 
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anti-adhesion coatings.20,21 These surfaces offer the capability for utilization for a broad 
spectrum of applications a result of their specialized functions which include self-
healing,20 excellent repellant characteristics,22 self-standing abilities and optical 
characteristics.23 Nevertheless, such surfaces are limited to use on metallic surfaces due 
to large reductions in film durability. Furthermore, LIS and SLIPS surfaces require 
application of lubricant on their porous structure. Consequently, application of LIS and 
SLIPs presents a number of challenges which have not as yet been satisfactorily addressed.  
Steel is utilized over a wide environmental range because of its robust hardness, high 
tensile strength and high corrosion resistance.24,25 Medical devices are consequently 
frequently manufactured with steel. Such medical devices typically make contact with 
both a metallic surface and body tissues. This is particularly relevant for electrosurgical 
devices which are negatively impacted by surface tissue adhesion caused by high 
temperatures. Furthermore, electrosurgical devices are frequently employed in water-rich 
environments. In Chapter 4, the application of superhydrophobic surfaces for anti-
adhesion between metallic surfaces and biological surfaces was examined. A 
superhydrophobic surface has a significant impact in preventing adhesion at high 
temperatures in the absence of lipid-based media. However, the superhydrophobic 
coating was demonstrated to exert only a relatively small antiadhesion impact in lipid-
based media. Superhydrophobic surfaces struggle to maintain their structure in lipid-
based media. This chapter examines omniphobic surfaces which maintains its 
characteristics in both oil and water media, as a potential approach to resolving this issue. 
Soft tissue adhesion forces were compared over a number of surfaces exhibiting a variety 
of roughness characteristics, finding that adhesion strength correlated with dip speed and 
surface temperature. The mechanical durability of the omniphobic surface was confirmed 
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via abrasion testing and repeat peeling measurements. The results indicated that anti-
adhesion properties are strongest when surface roughness is low. Furthermore, the 
omniphobic surface has high mechanical and thermal durability with sliding performance. 
The omniphobic coating provides an alternative approach for the application of anti-
fouling / anti-adhesion in both oil and water environments. 
 
5.2. Experimental section 
5.2.1. Materials  
The following reagents were used without further purification: tetraethyl orthosilicate 
(TEOS, Sigma-Aldrich, USA); Decyltrimethoxysilane (DTMS, Shin-Etsu Chemical Co., 
Ltd. Japan); ethanol (EtOH, Kanto Chemical Co., Inc., Tokyo, Japan; purity = min. 
99.5%); potassium hydroxide (KOH, Kanto Chemical Co., Inc., Tokyo, Japan); 
hydrochloric acid (HCl, Kanto Chemical Co., Inc., Japan; concentration = 35.0 wt%); 
isopropyl alcohol (IPA, Kanto Chemical Co., Inc., Japan). Highly purified water was 
derived from deionization and filtration processes (resistivity > 18.2 MΩ·cm). Stainless-
steel (SUS430, thickness = 0.1 mm) was obtained from Kyuho metal manufacturing Co., 
Ltd., Japan; and chicken breast meat from a commercial store. 
 
5.2.2. Preparation of solution and samples   
6 g of TEOS and 1 g of DTMS (2.88 M:0.381 M) were combined with 50 g of ethanol 
and continuously stirred with a magnetic stirrer for 30 min. Then, 4 g of H2O and 80 μl 
of HCl were added to this solution. The solution was stirred again for 24 h at room 
temperature. A 5 cm × 5 cm plate of stainless steel to act as substrate was ultrasonically 
agitated in KOH solution (1 wt%), then mixed with distilled water and ethanol (2:3 v/v) 
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for 30 min (once). Subsequently, the stainless-steel was washed with distilled water for 
30 min (twice). This procedure produced the negatively charged substrate. This substrate 
was then dipped in the prepared solution with various speeds. The substrate was 
subsequently dried at 100 ℃ for 1 h and then left to stand for 24 h at room temperature. 
When dry, the substrate was washed with distilled water and IPA. Final samples were 
prepared using various dipping speeds.  
 
5.2.3. Film analysis  
The film thickness was measured by automatic ellipsometer (Five Lab Co., Ltd. Japan, 
Mary-102). Fourier transform infrared spectroscopy (FT-IR) analytical results were 
obtained by a RockSolid™ interferometer (Bruker, ALPHA-T) over the range 400-4000 
cm-1 using a 2 cm-1 resolution. 16 number scans were conducted for each measurement. 
The root mean square (RMS) surface roughness of film was examined by atomic force 
microscopy (AFM, Digital Instrument Co., Ltd. Italy, Nanoscope IIIa) utilizing the 
tapping mode. 
 
5.2.4. Surface wettability 
Surface wettability was assessed by measurement of the contact and slide angles, using a 
CCD camera device (OMRON SENTECH Co., Ltd. Japan, STC-MC33USB). Contact 
angle analysis was employed by ImageJ (Version 1.50i; National Institutes of Health, 
Bethesda, USA). The contact angle and sliding angle were examined using droplets 
containing 10 μl of water or oleic acid. The contact angle hysteresis was assessed by the 
droplet volume to determine the advancing and receding contact angles. Two different 
substrate temperature conditions were investigated: i) room temperature; ii) 120 ℃.  To 
Chapter 5. Anti-adhesion Functionalized Omniphobic Coating for Biological Surface  
95 
achieve the 120 ℃ temperature, the substrate was placed on a hot plate for 1 h.  Surface 
temperatures were measured by an infrared thermometer camera (ARGO Co., Ltd. Japan, 
PI-450) to confirm surface temperatures. Following confirmation, contact angle and 
sliding angle with the substrate were immediately investigated.   
 
5.2.5. Durability assessment  
Thermal durability assessment was conducted by comparing contact angle and sliding 
angle both pre- and post-measurement at 200 ℃ and 300 ℃. Each sample was subjected 
to the relevant high temperature for 1 h. Samples were subsequently immediately 
measured. To confirm film decomposition, thermogravimetric/differential thermal 
analysis (TG/DTA) by TG/DTA analyzer (Seiko Instrument Inc. Japan, Exstar 6000) was 
performed using 300 ml nitrogen gas (to prevent sample combustion) and an aluminum 
sample holder with an initial temperature of 50 ℃, a final temperature of 400 ℃, and a 
temperature gradient of 10 ℃/min. Assessments of mechanical durability were conducted 
by comparing contact angles and sliding angles both pre- and post-heating using a friction 
tester (SHINTO Scientific Co., Ltd. Japan, TriboGear Type:38) with cotton abrasion (1 
cm × 1 cm) and varying weight loads over ten occasions. 
 
5.2.6. Soft tissue adhesion force measurement  
The adhesion force measurement machine (Shimadzu Co., Japan. EZ-S) and schematic 
diagram are depicted in Figure 5-1. The size of the substrate sample was 5 cm × 5 cm. 
The dimensions of the chicken meat were 1.5 cm × 1.5 cm. The substrate sample was 
placed on the hot plate and connected to a temperature controller (TR-KN, AS ONE Co., 
Japan) so that the surface temperature could be increased in a controlled fashion.  
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Subsequently, the temperature of the substrate surface was measured by an infrared 
thermometer camera (ARGO Co., Ltd. Japan, PI-450). The chicken meat made contact 
with the sample for 30 s. The coating stability was investigated by examining differences 
of adhesion force on the same area where contact with the chicken meat occurred, and 
this process was repeated ten times. In addition, repeat peeling measurements were 
undertaken on the same contact area using DTMS film and a superhydrophobic surface 
at 100 °C. 
 
 
Figure 5-1. Schematic diagram of the adhesion force measurement machine. The 
substrate sample (stainless steel with omniphobic coating) was placed on the hot plate. 
The hot plate was wired to a temperature controller and thermocouple. The chicken 
meat was connected via the clip. The meat sample was balanced at the center of 
substrate sample. The chicken meat was contact with the sample for a 30 s period. 
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5.3. Results and discussion 
5.3.1. Effect of coating in surface wettability 
Contact angles and slide angles were measured at differing dip speeds with water and 
oleic acid. The contact angle and sliding angle results are depicted in Figure 5-2. 
Comparisons of bare substrate and coated substrate indicated that the coated substrate 
exhibits a higher contact angle than that of bare substrate. In addition, bare substrate does 
not exhibit a sliding angle with water and oleic acid, as bare stainless steel is hydrophilic 
as a result of the oxide film stainless-steel forms with chrome. Conversely, coated 
stainless steel exhibits hydrophobic characteristics as a result of the alkyl (CH3) groups 
of DTMS. Consequently, coated stainless-steel demonstrates the role played by DTMS as 
a hydrophobic agent, repelling water and oleic acid. For the reaction conditions of 120 ℃ 
surface temperature, the contact angle exhibited a slight increase for the water droplet 
(see Figure 5-2a). However, the contact angle for oleic acid remained approximately the 
same at room temperature and at 120 ℃. These results demonstrate the durability of 
DTMS coatings until surface temperatures of 120 ℃ are reached. With increasing dip 
speed, no significant variation in contact angle was observed. However, sliding angle 
demonstrated a slight increased both in water and oleic acid droplets (see Figure 5-2b). 
This is attributed to the roughness of the substrate surface. Figure 5-3 shows that the 
contact angle hysteresis and RMS both increase at increasing the dip speed. With 
increasing dip speed, the partially gelled fraction of the solution increased as the thick 
film is stacked in solution until dispersed uniformly over the substrate surface. These 
results indicate that rapid dip speed exerts a negative effect for water droplet sliding. 
Consequently, a dip speed of 0.7 mm/s was identified as the optimum condition with 
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respect to hydrophobicity for this coating, due to the low RMS and low contact angle 
hysteresis achieved. 
 
 
Figure 5-2. (a) Contact angles, (b) sliding angles measured for the fabricated omniphobic films over 
varying dip speeds and surface temperatures. 
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Figure 5-3. (a) AFM images and RMS values over varying dip speeds; (b) contact 
angle hysteresis resulting from fabricated omniphobic films over varying dip speeds. 
 
5.3.2. Characterization of film  
Figure 5-4 shows how variations with dip speed affects film thickness: 69.9 ± 3.22 nm 
(0.7 mm/s), 72.6 ± 3.40 nm (1.4 mm/s), 79.2 ± 8.71 nm (2.1 mm/s), 109.7 ± 9.97 nm (2.8 
mm/s). Generally, film thickness increased with increasing dip speed. This is because if 
the dip speed is slow, the solidification reaction commences after the solution flows down 
uniformly onto the stainless-steel substrate surface. Conversely, with a fast dip speed, the 
solidification reaction commences prior to the solution flowing down onto the stainless- 
steel substrate surface. Figure 5-5 depicts the FT-IR results. The IR peak positions 
obtained concurred with those previously reported in the literature.26,27,28 The strong band 
at c. 935 cm-1 corresponded with the silanol (Si-OH) group. Peaks at c. 1105 cm-1 and c. 
1185 cm-1 are considered to be due to the siloxane (Si-O-Si) moiety. The relatively wide 
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peak at c. 1460 cm-1 is attributed to the methyl (CH3) group. No significant differences 
were observed over varying dip speeds. Consequently, the presence of surface functional 
groups and their importance in surficial responses was confirmed. 
 
 
Figure 5-4. Film thickness over varying dip speeds. 
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Figure 5-5. Results of (a) FT-IR spectrum (400-4000 cm-1); (b) enlarged FT-IR 
spectrum (700-1600 cm-1) for peal with sol-gel method measured over varying dip 
speeds and coatings. 
 
5.3.3. Film durability assessment.  
Figure 5-6 depicts comparisons between contact angle and sliding angle both pre-and 
post-measurement at 200 ℃ and 300 ℃. The contact angle exhibits reduced values at 
high temperatures. In addition, the sliding angle exhibits increased values at high 
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temperatures. Furthermore, KOH treated stainless steel exhibits higher thermal durability 
over non-treated stainless steel, as it possesses a lower RMS value than its non-treated 
counterpart (See Figure 5-6c). The KOH treatment results in an increased hydroxyl group 
presence on the stainless-steel surface. Depending on the number of hydroxyl group, 
DTMS (with TEOS) film exhibits enhanced film density with stainless steel surfaces. 
Reasons for decreasing thermal durability at high temperatures were demonstrated using 
TG-DTA, with results depicted in Figure 5-7: DTMS and DTMS with TEOS are 
decomposed when exposed to heat in exceeding 150 ℃. The endothermic region at 50–
150 ℃ of the DTA curve indicates the solvent and water evaporative loss. The exothermic 
peak of the DTA curve at 280 ℃ is attributed to oxidative decomposition of DTMS (see 
Figure 5-7a). The large exothermic range at 150–350 ℃ of the DTA curve is also due to 
oxidative decomposition of DTMS with TEOS (see Figure 5-7b), as it is thought that not 
all the TEOS is immediately oxidized and desorbed. With regards to the TG-DTA curve, 
the decomposition of alkyl chain in DTMS is demonstrated by decreasing thermal 
durability under high temperatures. Abrasion testing was performed to confirm 
mechanical durability (Figure 5-8). This showed that as friction load is increased, the 
contact angle decreases, whilst the sliding angle is increased. This is due to damage to the 
DTMS film from high friction loading. However, it was also observed that the DTMS 
film is able to drop with water and maintain sliding performance. These results indicate 
that although DTMS film exhibits decreased thermal durability at temperatures in excess 
of 150 ℃, it nevertheless maintains thermal durability at temperatures below 150 ℃. 
Furthermore, DTMS film is not removed under conditions of high abrasion and exhibits 
mechanical durability with sliding performance.  
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Figure 5-6. (a) Contact angles with and without KOH treatment, (b) sliding angles 
measured for fabricated omniphobic films at a dip speed of 0.7 mm/s on stainless steel 
over varying temperatures; (c) AFM images and RMS values for different 
pretreatments (KOH). 
 
 
Figure 5-7. TG-DTA analysis of (a) DTMS and (b) DTMS with TEOS. 
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Figure 5-8. (a) contact angles following abrasion testing at varying dip speeds, (b) 
sliding angles following abrasion testing at varying dip speeds. 
 
5.3.4. Soft tissue adhesion force measurement 
Soft tissue adhesion forces acting between omniphobic coated stainless steel substrates 
and chicken meat were investigated. The soft tissue adhesion force over varying surface 
temperatures of stainless steel (80 °C, 100 °C, 120 °C) were investigated and the results 
depicted in Figure 5-9. High values for maximum applied force indicate that soft tissue 
and surface substrate have strongly adhered to each other. Bare stainless-steel exhibits the 
highest maximum applied force relative to any of the other samples. With increasing 
surface temperature, the maximum applied force increases for all samples. The dip speed 
of 0.7 mm/s exhibits the optimum anti-adhesion performance, as this sample 
demonstrates the lowest value of applied force. Repeat peeling measurements employing 
DTMS film and a superhydrophobic surface at 100 °C were confirmed (Figure 5-10). 
Bare stainless-steel was subjected to rapid increased maximum force applications seven 
times. While the 0.7 mm/s (dip speed) sample exhibited a slightly raised maximum 
applied force, it maintained its anti-adhesion property for up to ten maximum force 
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applications. These results indicate that the 0.7 mm/s (dip speed) sample provides the 
optimum conditions for anti-adhesion characteristics.  
 
 
Figure 5-9. Soft tissue adhesion force measurements over varying dip speeds and 
surface temperatures.  
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Figure 5-10. Results from repeat peeling measurements with DTMS film and a 
superhydrophobic surface at 100 °C. The DTMS film was fabricated by varying dip 
speeds (0.7, 1.4, 2.1, 2.8 mm/s). 
 
5.4. Conclusion 
The dynamically stable omniphobic surfaces exhibited good anti-adhesion protection in 
both oil- and water-based environments. The dip speed was observed to affect the surface 
roughness of the omniphobic substrate. A surface exhibiting a low RMS exhibits better 
anti-adhesion characteristics than surfaces exhibiting a high RMS. DTMS film 
demonstrates a high thermal durability at temperatures below 120 °C. Furthermore, 
DTMS film has demonstrated its ability to maintain its sliding performance at 300 °C for 
1 h. In addition, abrasion testing and repeat peeling testing demonstrated that DTMS film 
exhibits mechanical durability with sliding performance. Therefore, DTMS film can be 
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anticipated to find application in medical devices employed at hot temperatures and in 
lipid-based environments.
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Chapter 6. Summary and outlook 
This thesis demonstrates the innovative fabrication of nanofiber and functional 
nanocoatings for biological applications. While there are many potential biological 
applications, the focus of this thesis has been on medical applications to assist in 
improving medical treatments and human life quality. 
 
1. Rapid hemostasis for fast remedy of wound in external or internal bleeding. 
(Chapter 2, 3) 
2. Anti-adhesion functional coating for medical devices. 
(Chapter 4, 5) 
 
Chapter 2 discussed functional coating with respect to blood coagulation in the presence 
of calcium carbonate with an alginate/β-chitosan layer produced via the LbL method. The 
fabricated artificial CaCO3 composite with wound healing property provided by algiante 
and β-chitosan demonstrated excellent responses with respect to rapid blood coagulation. 
As the number of CaCO3 coated layers was increased, the impact on blood coagulation 
was also shown to increase. Furthermore, altering the surface morphology of CaCO3, and 
utilizing the calcite variety of CaCO3  (as opposed to the vaterite CaCO3) demonstrated 
the fastest blood coagulation response. These results indicate the potential for this material 
when used in conjunction with CaCO3 to be useful in promoting rapid hemostasis. 
 
Chapter 3 discussed the fabrication of biodegradable PCL nanofiber with CaCO3 and β-
chitosan to promote fast hemostasis. As a consequence of the nanofiber‘s high surface 
area, the nanofiber provides a large surface area with which to make contact with blood. 
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This led tot he consideration that the nanofiber is likely to have a greater impact on blood 
coagulation than a standard CaCO3 composite (discussed in Chapter 2). Combining both 
CaCO3 and the nanofiber can significantly enhance blood coagulation responses. In 
addition, the nanofiber was also coated with β-chitosan. This was also shown to improve 
blood coagulation. Animal experiments confirmed blood coagulation in vivo. The PCL 
nanofiber with CaCO3 and β-chitosan demonstrated the best blood coagulation response 
over gauze, pure PCL nanofiber and PCL nanofiber with CaCO3. This PCL nanofiber with 
CaCO3 and β-chitosan does not give rise to elimination concerns as it is comprised of 
biodegradable and biologically-compatable substances. Therefore, this nanofiber can be 
used safely in the treatment of internal bleeding and during medical operations. 
 
Chapter 4 investigated the application of anti-adhesion properties to metallic surfaces by 
exposure to biological surfaces at high temperatures and examining surface wettability 
(superhydrophobic coatings). Changes in weight and temperature were used to confirm 
tissue adhesion onto the metallic surface. The adhesion force at varying surface 
temperatures was also investigated. Hydrophobic and superhydrophobic coatings both 
exhibited better anti-adhesion characteristics than surfaces without a coating. The 
superhydrophobic coating in particular demonstrated optimum anti-adhesion 
characteristics when subjected to high-temperature conditions. The superhydrophobic 
coating is particularly advantageous in water-based environments. 
 
Chapter 5 investigated the potential for omniphobic coatings to promote anti-adhesion 
activities in lipid- and water-based environments. Although in Chapter 4 the 
superhydrophobic coating demonstrated good thermal insulation and anti-adhesion 
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properties in water-based environments, it also suffered from the disadvantage of poor 
mechanical durability in oil-based environments. Consequently, an omniphobic coating 
was fabricated which offered improved responses in oil-based environments; varying dip 
speed for adjusting surface RMS were investigated, with a low RMS surface indicating a 
good anti-adhesion property compared to a high RMS surface. The omniphobic coating 
possessed good thermal durability and good sliding performance at high temperatures and 
also good mechanical durability, as demonstrated by results of the repeat peeling tests and 
abrasion testing.  
 
The objective of this thesis is to identify ways to use nanofiber technology for ‘application 
in daily life for improving against our bleeding’. This thesis categorizes fast hemostasis 
and anti-adhesion as significant progress in the medical treatment field. The technologies 
identified by this thesis have broad application to low-cost, mass production in various 
biomedical fields and therefore represent an effective target strategy. Firstly, the particle 
coated CaCO3 is able to be produced as a sprayable product. Secondly, the nanofiber with 
hemostatic properties has been fabricated from materials safe for human use and can 
therefore be applied as wound dressings for internal/external bleeding. Thirdly, anti-
adhesion characteristics are relevant not only to medical devices, but also a variety of 
other appliances involving high temperatures. Furthermore, these technologies are also 
applicable for promoting the opposite outcomes of the technologies described in this 
thesis, e.g. thrombolytic (suppressed hemostatic) properties and pro-adhesion properties, 
potentially useful in the detection of virus or cells within the body. The combination of 
such technologies has the potential to offer many benefits in the innovation of advanced 
medical devices.  
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